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SIGNALS OF HUMAN OPERATOR STATE

A. N. Luk'yanov and M. V. Frolov

ANNQOTATINON

This book is dedicated to results of quantitative processing of
measurements of electrical activity of the brain, intonation coloring of
speech and a number of vegetative functions characteristic for the state of
active attention and emotional stress in man. These data are necessary for
objective testing of the state of man performing control functions, and for
determination of his reliability under difficult (emergency) situations.

In addition to the information produced in model psychophysiological
experiments, the book contains a description of methods of processing
signals recorded.

The book is designed for physiologists, psychologists, doctors,

engineers, working in the area of the psychophysiology of labor and sports.
Eighty illustrations, five tables, 105 bibliographic references.
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Introduction

The Problem of Dynamic Observation of Operator State

Modern technology, so broadly extending man's control over his
environment, at the same time has placed new and increased demands on his
labor. The reliability of the "human link" has become one of the decisive
factors in the effective utilization of various control systems. The
struggle for failure-free functioning of this link is conducted in three
main directions. First of all, along the line of organizing the work of
the operator so as to correspond to the maximum to the psychophysiological
capabilities of man, his capacities for receiving and processing incoming
signals into actuating commands. The complex range of problems of this
type is one of the principal subjects of study for engineering psychology.
The second condition of effective participation of man in '"man and machine"
systems is the degree of his training for the activity before him, improve-
ment of training methods, the search for optimal volumes of training
exercises and drills. Finally, considerable attention is given to
professional selection of persons most suited for this type of activity.
The individual specifics of the nervous system, the rapidity and accuracy
of reactions, emotional stability, self-control during critical situations
can be determined to a certain extent before the operator takes his place
at the control panel.

Still, practice has shown that none of these methods eliminates the
necessity of dynamic observation of the state of the operator during the
process of his work, particularly if we are concerned with activity where
even a brief decrease in reliability of the "human 1link" can lead to
dramatic consequences. Human states can be divided into two large groups.
One includes those states which practically exclude the operator from the
control process, form a clear break in the previously closed circuit
(sleep, extreme fatigue, loss of consciousness). When states of the second
type (strong emotional stress, distraction of attention) arise, the oper-
ator continues to participate in the control process, although his
activities become less effective, the threat of missing significant
signals and the appearance of false, nommotivated commands arises. It
is this second type of state which is the subject of the investigation
whose results are the subject of this present report.

Before going over to the problem of the possibility of objective
diagnosis of emotional stress and attention in humans, we must give
at least a brief characterization of the nature of these two states.
We assume that the physiological basis of emotions is activity of a
special nervous apparatus, compensating in the process of adaptive
behavior for a deficit of information necessary for organization of
actions to satisfy the existing demands (Simonov, 1965a, 1966a, b).

vi
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The principal points of the "informational concept of emotions' can be
formulated in the following five statements.

1. Emotions in the natural sense of this term (fear, joy, alarm) are
different in principle from the so-called emotional tone of sensations
(pain, contact satisfaction, etc.), so that the emotional tone carries
within itself some significance concerning the subject, while emotions
arise as a result of prognostic evaluation of the situation.

2. Emotions are not reducible to human demands or to actions designed
to satisfy them.

3. There is a quantitative dependence of the degree of emotional
stress on the demands and the difference between the information prog-
nostically necessary and available at the given moment in the subject.

This dependence can be represented in the form of the rule E = -D(In-Is)
where E is the emotion, -D is the demand, In is the information prognostic-
ally necessary for organization of actions to satisfy the given demand, and
Is is the information actually available to the subject. We emphasize,
that here and in the following the term "information' is used considering
its pragmatic meaning, which can be defined as the change in probability of
achieving a purpose due to the receipt of a message (Kharkevich, 1960).

The correctness of the rule formulated above can be experimentally proven
whenever the degree of emotional stress, magnitude of demand and deficit
(or excess) of pragmatic information can be quantitatively evaluated.

4. Necessary and possible actions are compared not only in the
process of performance of the latter (Anokhin, 1964), but before any action
in the purely informational plane on the basis of 'probabilistic predic-
tion' (Feygenberg, 1963). Since the prediction may not correspond to
the information objectively sufficient for achievement of a purpose, the
emotional reaction necessarily takes on a subjective character.

5. Positive emotions arise as a result of an excess of the available
information (information received) over that predicted by the subject, i.e.
when Is is greater than In. The temporary excess of pragmatic information
appearing in a situation and the positive emotions stimulate the operator
to set a new goal, not looking out over the "information desert.' Thus,
the compensatory significance of nervous mechanisms of the emotions in the
process of the entire adaptive behavior of higher living organisms is seen-
once more.

The applicability 3f "information concepts' to evaluation of
emotional stress arising in the process of labor activity has been
demonstrated in studies both of comparatively elementary motor skills
(Simonov, 1966b), and of complex actions of pilots in emergency situ-
ations (Yankelevich, 1965). Modifying our rule, B. M. Yankelevich
introduced a number of clarifying coefficients. One of these coeffi-
cients determines the degree of danger through the probability of an

vii



accident, i.e. through the ratio of the number of accidents known to the
pilot to the total number of flights of this type.

Many experiments using animals and precise psychological investiga-
tions have indicated the dependence of the success of performance of a task
on the degree of emotional stress (Jerks-Daodson rule). Investigations have
shown that for each type of activity there is a certain optimum of
emotional stress, during which the reactions are most highly perfected and
effective. Decreasing this emotional tone as a result of low demands or
complete information on the subject (monotonous, stereotyped actions) leads
to dreaming, loss of attentiveness, missing of significant signals and
delayed reactions. On the other hand, extreme emotional stress disorgan-
izes activities, complicates tendencies to untimely reactions, to reactions
to extraneous and insignificant signals, to primitive actions such as
blind search by the trial and error method. This is the reason dynamic
observation of the degree of emotional stress of an operator can aid in
predicting possible worsening of his working ability before it is reflected
in the control itself.

The second state of interest to us -- attention -- can be defined as
the selective (narrowed) readiness of the brain for certain reactions to
strictly defined signals. This state is characterized by: a) inhibition
(blocking) of signal channels entering the brain with the exception of the
channel through which the most significant signals are expected or arrive;
b) an increase in the sensitivity of the analyzer for the significant /8
signals; c¢) an increase in the readiness of the actuator apparatus for
reactions to this signal, which is manifested as a shortening of the latent

periods.

The integral of all these changes (degree of inhibition of secondary
channels, degree of increase of sensitivity of visual, auditory or other
analyzer, degree of decrease in reaction time) can be looked upon as a
measure of the degree of attention, as a measure of its intensity, stress,
resistance to distracting factors. In other words, if the operator does
not miss significant signals (is not distracted), but reacts to them
rapidly and correctly, we can say that he has a high degree of attention.
However, if he is distracted, reacts slowly, makes errors, we can say that
his level of attention is low, if the degree of training of the operator
for the given activity is equivalent in both cases.

Doubtless, attention depends on the significance of the signals, their
value, which we will define as the change in the probability of achieving
the goal (satisfaction of demands), resulting from the receipt of the
given message. This dependence of attention on the demand and value of
signals expected, common for attention and emotions, drawing these two
states closer together, frequently masks the difference between them.
However, emotion is always a function of the pragmatic uncertainty;
emotion is stronger, the less the information the operator has as to
how he should satisfy the demands being presented to him. In contrast
to emotion, attention is more concentrated, more narrow, the fuller
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the information as to where, when and how the signals should appear, how
and when the operator should react to it.

Like any stereotype, the state of attention has its deficiencies: the
tendency to automatization, sluggishness, inertness, minimization of energy
expenditures, etc. Therefore, the ideal working state for a human operator
should include a combination of attention with a certain level of emotional
excitation, i.e. with elements of pragmatic uncertainty introduced to the
situation {Menitskiy, 1966).

In contrast to the concentrated attention, emotion is characterized by
readiness to react to a broad range of presumed significant signals (in its
extreme manifestation -- to any signals: '"The burnt child dreads the
fire'). Emotion converts attention to vigilance. The weak side of
vigilance is the danger of false reaction to an indifferent (insignificant)
signal. The weak side of automatized, narrow attention is the danger of
missing a significant signal (the operator may become distracted or dreamy
while waiting). Concentrated attention causes rapid fatigue. Excitation
of narrowly tuned nervous structures is soon replaced by their inhibition,
which leads either to predominance of the activity of other nerve elements
(distraction of attention) or to general mental fatigue (drowsiness).
Emotional excitation, on the one hand, causes the attention to become /9
broader (vigilance), and on the other hand increases the general tone of
the brain.

Thus, attention causes the brain to decrease the number of effective
signals (signals received and processed, causing a reaction), while emotion
causes the number of these signals to increase. The optimum state involves
a combination of these two opposite tendencies, the interaction of which is
shown schematically on Figure 1.

Changes in the discriminating capacity of the brain have been the
subject of systematic experiments conducted by L. D. Chaynova (1965). She
showed that as habits become fixed, reaction rates increase to a certain
extent due to minimization of the analysis of the input signal. This
results in a danger of a decrease in the differentiating capacity, the
appearance of false alarms. Precise analysis of stimuli requires a
definite characteristic of the state of attention, involving special
training.

The degree of emotional stress and attention can be judged primarily
on the basis of the results of actions. Clearly, this judgment, although
quite suitable in the process of training or selective testing, is not
highly applicable to situations where operator errors can lead to very
serious results. A second method of evaluating the state of the operator
consists of sending test signals in parallel, in measuring actions in
the control of the regulated object. We have in mind all sorts of
tests which periodically appear against the background of the primary
operator activity and require various response reactions. This sort of /10
activity testing makes it possible to detect decreases in the reliability

ix
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of the operator and provide timely
reassignment of his function to a
substitute (back-up device) or determin-
ation of the required changes in the
operating regime (volume and rate of
information flow, time given for decision-
making, etc.) to correspond to the state of
the operator. However, essential defects
in this method are obvious.

Rest  Vigilance | Dominant $§

\\ /
I Attention /\ Emotion,

1 First of all, the test signals

' frequently distract the operator from its

l main activity, disturbing him and creating
an additional load., Secondly, the knowl-

i edge that of the signals arriving only a

|

certain percentage are actually important
for the control function creates a complex

\ psychological situation in which the

- responsibility for action is decreased

(after all, some of the reactions are only

Based on Past Alarm
lExperienc‘é? .

Figure 1. Nature of the test, ''game' reactions). Finally, the
Dependence of Errors on responses to the test signals, being
Human Operator State. arbitrary, undergo the influence of the
S, Operator state; N _, Quan- intentional efforts of the operator,
tity of significant gignals sometimes mgsking.his true state. At the
miseed: N . Number of false cost of mobilization of all his efforts,

> Up? the operator will be able, up to a certain
reactions to insignificant moment, to react effectively not only to
signals; N, Total number of the 'main," but also to the ''test' signals,
errors; (N=N_+ N)) although his functional state has already

P 9 gone beyond the limits of optimal working

ability. If the test signal does not
react, the termination of compensation may be so sudden that it cannot be
foreseen and prevented.

All of this stimulates us to turn our attention to testing using
involuntary changes in physiological operator functions, objectively
recorded during the process of his operator activity. Various symptoms of
emotional stress and attention described in the literature are presented in
Table 1. We can see that the set of these symptoms is not as broad as the
engineering psychologist would like, particularly considering that many
of the indicators (for example, changes in the chemical composition of
the blood or urine) are practically inaccessible for observation during
the process of operator activity. However, still more difficulties
arise to hinder technical realization of the automatic testing system.

In the investigations of psychophysiologists, in works on professional
selection, evaluation of the electrophysiological and vegetative changes
is generally performed by a specially trained person (doctor, psychol-
ogist) on the basis of his experience, observations and intuition. The
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TABLE 1. OBJECTIVELY

ATTENTION [N MAN

RECORDED SIGNALS DURING EMOTIONAL REACTIONS AND THE STATE OF

Physiological Indicator

Emotional Reactions

Negative ' Positive

Quiet Attention

¢
!

Electrical activity of the brain

Electroencephalogram with
surface leads

électroencephalogram with leads
from deep structures

Level of constant potential with
lcads from deep structures

Responses caused

Electrical phenomena in skin
Fluctuations of potential

Change in resistance to external
current

Heart rhythm

Overall blood pressure
Respiration

Main reflexes
Pupil diameter

Rapid eye movement

Blinking

i
‘
i
)
i
|
f

. 1
' |
hression (in many cases -- exu <infor
De ssion (in ma 1-'Reinforcement of
m:mon) of & 1‘1ythm reinforcement; rthythm
‘of B rwmm within 4-7 Hz range |

\and high-frequency g - dctivity; !

ETapcred oscillations in hlppocampus

tand amygdaloid nucleus :
!

\Oscillations in level stronger, the Change less stable the
stronger the emotional reaction  ,more negative the
 of the subject |emouons_

i+ Manitest with unexpected inputs |
t t
' Decrease in resistance :
} t
? :
Increase, less frequently decrease {Increase in rate
in pulse rate

Increase iIncrease, lagging behind
\negative emotions

Change in frequency, depth, form and relationship between
duration of inhalation and exhalation

|

Primarily expanded:

4

iDecrease in movement

Increase in blinking i

4

: Tendency to depression
Yof o rhythm

i
¥

;Increasé in amplitude, change
in composition and manifestation

{
|
!

ETendency to decrease and
i stabilization

|
!




e
[l

TABLE 1. (Continued)

Physiological Indicator

Emotional Reactions

Negative Positive

Quiet Artention

Reaction of musculature
Stress of skeletal muscles

Tremor
Smooth skin muscles

Intonation of Speech

Content of bio_log_icaléy active
materials in the bloo

Content of biologically active
materials in urine

!

)

{Increases moderately,
sometimes decreases

Reinforced
Contraction occurs with certain strong
effective reactions

May be subjected to objective instru-
mental analysis

Increases

Fear -- increase in adrenalin and
. decrease in noradrenalin

Rage -- increase in noradrenalin '
» decrease in adrenalin ’

Alarm -- increase in both matcrials
Grief -- decrease in both materials

Change in content of adrenalin, noradrenalin
and 17-ketosteroids

Increases moderately



available literature contains practically no quantitative, unambiguous data

on symptoms of emotions and active attention which could be used to develop
an automatic diagnosis system. Comprehensive investigation and strict
evaluation of signals of the human operator state is currently a central
problem in the search for means of truly objective testing of this state.

The work of A. N. Luk'yanov and M.V. Frolov represents one of the
first attempts to fill in this gap. lased on a diagram of the combination
of "man and machine" new in principle, where the influence of man on the
machine is considered with dynamic consideration of the reverse influence
of machine on operator (Simonov, Temnikov, 1965; Ivanov, Simonov, 1965;
Luk'yanov, Frolov, 1966), they present a quantitative evaluation of a
number of objectively recorded changes which characterize the state of
rest, active attention and emotional stress in man. The initial data were
produced by the authors in experiments modeling certain aspects of
operator's activities. Changes in the electrical activity of the brain,
skin, pulse frequency and respiratory movements were recorded and pro-
cessed. One interesting and promising signal was found to be the
intonation characteristic of the speech. Doubtless, many problems touched
upon in these investigations require further development. Nevertheless,
the results produced can be used as a good basis for practical realization
of a system of dynamic observation of the state of the human operator.

Doctor of Technical Sciences,
Professor F. Ye. Temnikov and
Doctor of Medical Sciences

P. V. Simonov



CHAPTER 1

THE HUMAN OPERATOR IN THE CONTROL SYSTEM

ABSTRACT. This chapter presents a broad overview of the
problem of reliability of the human operator in the control
system. It is pointed out that human operator reliability

is maximal only at a certain level of operator stress, stress
Tevels' either too low or too high resulting in a decrease
of operator reliability and performance. Various methods

of analyzing man-machine systems, looking upon the operator
as the controlling or the controlled element, are briefly
analyzed.

Throughout the history of the development of technology, the position /14
of man in relation to machines has been changing. For many years, machines T
were primarily used to transform human energy, lightening physical labor;
man acted as the source of energy. The primary functions of man in
relation to technology were his energy functions. With the development of
technical progress, the position of man in the "man and machine' system has
changed. The accumulation of knowledge on the functions of the human
operator have allowed us to create machines in which the activity of the
operator has been partially or completely replaced by semiautomatic and
automatic devices. The role of man has become different, reduced to
observation and control of the work of the automated devices, and the
performance of preventative maintenance. With the construction of
electronic computers, logical automata and other cybernetic devices,
designed to mechanize the solution of a number of problems earlier per-
formed by man, thereby becoming an extension and reinforcement of his brain
(Kopnin, 1964), the possibilities of man increased significantly. However,
even in these systems the role of man remains as before: control,
observation and in case of failure -- active interference. Man performs
another role in systems designed for operation with incomplete initial
information, under conditions in which the hard programs are not able
to provide for the solution of the problems required. In systems with
incomplete initial information, sometimes nondeterministic systems, man
is one of the principal links of the system, since he is capable of
making decisions in situations which could not be predicted, and in
situations in which available prepared solutions cannot provide satis-
factory results for the operations.



§1.1. Necessity of Testing of Operator State

In nondeterministic systems, the functions of the human operator as a
Link in the system can be reduced to perception of and evaluation of
incoming information with subsequent decision-making and output of commands
for actuation. The quality of performance of these demands by the human
operator, which determine the functional operation of the link, also
defines the quality of functioning and, in the final analysis, the reli-
ability of the entire system. The reliability here is taken to mean the
capability of the system under certain operating conditions to retain its
characteristics within limits providing acceptable performance of the tasks
for which the system is designed. One possible means leading to an
increase in reliability is optimal matching of elements of machine design
to the "parameters'" of the human operator, effective distribution of
functions between man and machine, optimal organization of the operator's
activity and, finally, education, training and selection of operators for
work in automatic contrecl systems.

The participation of man in the '"man and
machine'" complex unavoidably introduces the
2 factor of emotionality. Emotions have a varied
/////ﬂ—\\\\\i and powerful influence on the vital activity of
////—\\\\\; the organism: they mobilize the energetic
N resources, increase the functional capacities
of the muscles, heighten the sensitivity of
receptors, increase the tone of the higher

e segments of the brain, "open'" the storehouse of
subconscious memory to which we attribute the
Figure 2. Effective- finding of intuitive solutions. At the same
ness of Work (u) As a time, emotions help us to concentrate our
Function of Emotional attention, suppressing secondary activities and
Stress (e) for Work of the demands on which they are based (Simonov,
Varying Difficulty (1) 1966¢) .

(t7 < 12 < 73)
In addition to the positive influence of
emotions on the activity of the organism, the
negative effects of high levels of emotional stress are well known. These
effects, expressed as a reduction in the functional state of the organism,
appear most clearly with negative emotions in stress situations. This
factor is well illustrated by the Jerks-Dodson principle (Figure 2).

In correspondence with the Jerks-Dodson principle (Jones, 1962), the
effectiveness of work (u) is a function of emotional stress (e): u = £(e)
when t = const, where T is the difficulty of the work being performed. It
is interesting to note that for a certain type of work (r = comnst), the
effectiveness of performance reaches a maximum u = U oax only at a certain

level of emotional stress e = eopt' A change in the emotional stress in

either direction from.eOpt results in a decrease in the effectiveness of

/15
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the work. It is not difficult to see from this that measures taken earlier
to facilitate an increase in the reliability of the operator are somewhat
static, since they do not relate to the current state of the operator (his
attention, level of ability, emotional stability, etc.) which is a char-
acteristic of the "man and machine" system which changes dynamically during
the process of work itself.

A second means is available for increasing the reliability of the
"human operator'" link, namely: testing the state of the operator during
the process of work, primarily testing his attention and emotional stress
as the determining states in the activity of operators in "man and machine"
systems.

Testing the state of the operator using tests has a number of serious
defects. Special test signals, the responses to which could characterize
the state of the operator, are a form of outside "intervention! in his
activity, distract his attention and are hardly suitable for unforeseen,
emergency situations. However, this is ounly omne aspect of the matter.
Another, equally important aspect is that the arbitrary motor reactions
attract the attention of higher compensatory mechanisms, and disruption of
motor reactions may appear too late; it may immediately precede the
critical decrease in reliability involving loss of consciousness and
complete failure of the control system. In this sense, changes in the
bioelectric activity of the brain and vegetative functions have a number of
advantages: their recording does not complicate the activity of the
operator, they are developed involuntarily and can be used as a timely
signal of any decrease in operator reliability.

§1.2. Electrophysiological Testing

In our analysis of the problem of testing the operator's statel we
will base ourselves on the following position. Each state of the human
organism, representing a set of interrelated systems (central nervous
system, cardiovascular system, etc.) can be set in correspondence to the
values of the physiological parameters characterizing the activity of these
systems. If we know the mean values of physiological parameters for each
state, we can use comparison of these values to the instantaneous states to
determine which of the M possible states corresponds to the instantaneous
state.

For a number of reasons, direct observation of changes in physio-
logical parameters is difficult; therefore, they are investigated using

* Electrophysiological testing means testing using electrical processes
which are reflections of the bioelectrical activity of the systems of the
organism, and are the results of conversion of changes in nonelectrical
quantities to electrical quantities using special transducers.




indirect methods. At the present time, one of the principal methods of
studying biological processes, for example in investigations of certain
aspects of the activity of the central nervous system of animals and man
(Kozhevnikov, Meshcherskiy, 1963) is the method of studying the electrical
activity of various organs. Interest in this method can be explained by
two factors: on the one hand, the accessibility of recording changes in
biopotentials which accompany changes in a number of physiological
parameters of the primary systems of the organism (brain, heart, muscles,
etc.) at various points on the body, and on the other hand, the fact that
electrical signals are the most convenient form of representation of
changes in physiological parameters, allowing effective storage, perform-
ance of mathematical operations, speed of operation, etc. For this same
reason, transducers which convert nonelectrical quantities to electrical
quantities are used to record changes in a number of physiological
parameters which are not accompanied by electrical activity, particularly
respiration in the pneumogram (PG).

Thus, information on the state of the operator may be represented in
the form of a set of values of parameters (components) of electrical
signals characterizing the physiological parameters of the entire
organism.

In geometric interpretation, these values can be looked upon as the
coordinates of a multivariate vector in space, the coordinate axes of which
correspond to the components of the electrical signal being analyzed. If

QJ electrical signals are selected for testing the j-th system of the
organism, each signal being characterized by several components, the
description of the j-th system in the i-th state of the organism

A'J can be represented by the matrix

L i
A7 == g g - !i

zii, 71.1 i

where i, j, q, h are the instantaneous numbers of the corresponding state,
system, electrical signal and electrical signal component QJ is the number
of electrical signals characterizing the j-th system; Xqi is the value of /18

the h-th component of the g-th electrical system in the j-th system with



the i-th state; H; is the number of components of the g-th electrical

signal. In the general case

H = I 1T = =T e, ke 1L

A is the i-th state of the j-th systemn.
Let us expand the v-dimensional vector, writing it in the form
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Then, the i-th state of the whole organism.A1 is represented by a
p-dimensional vector

HIRNS Uﬂ ___" (1-2.1)

where N is the number of systems in the organism being tested;

N Qi
o2y 11} (1.2.2)
Jle=t
1 2 i M .
As a result, each state A', A", ..., A", ..., A" corresponds to its own

>l 2 >i >M . .
vector X , X, ..., X, ..., X , the coordinates of which are components of

the electrophysiological signals.



§1.3. Structural Diagram of '"Man and Machine'' System with Control of
Functional State of Human Operator

The problem of objective testing and control of the functional state
of the human operator is a very pressing and complex problem. This problem
has been the subject of many works which have described testing and control
of the functional state of man (so-called autostimulation) performed by
devices which can be reduced to single loop closed control systems
(Beschereva, Usov, 1960; Zhukov, 1963; Ivanov, Simonov, 1965;

Walter, V. I., Walter, W. G., 1949; Shiptan, 1949; Hewlett, 1951; 1951;
Mullholland, Runnals, 1962; Dusaily, 1963; Mullholland, 1962, 1964, etc.).

One characteristic feature of a system of this type is that the object

controlled is man himself, while control of his functional state and

testing are performed by means of bioelectrical processes accompanied with
involuntary reactions of the organism. The same principle can be used to /19
to construct improved devices with adaptive properties (Simonov, Temnikov,

1965).

One essential characteristic of another type of '"man and machine"
system is their construction according to a well known diagram (Figure 3,
4) in which man is not the controlled object. An example of one such
system might be bioelectronic prostheses, in which signals arising during
voluntary motor reactions are used (Korbinskiy et al., 1961; Battye,
Nightingale, Whillis, 1955).

Both of these types of systems have their defects. Systems of the
first type, designed for investigation of various aspects of the functional
state of man, are hardly suitable for practical application, since man is
the controlled object, closed upon himself through a special device, thus
forming a closed control system without any exit to the outside world, in
the direct sense of the word.

One defect of the second type of system is its failure to consider
perturbations acting on man as the controlling link in the system, which
can influence the reliability of the entire system in an important way.

In this connection, there is considerable interest in a combination of
the two types of systems to a single ''two-loop'" system, which does not
have these defects.

One typical diagram of a '"man and machine" system is the closed
control system (Fel'dbaum, Dudykin, Manovtsev, Mirolyubov, 1963) (see
Figure 3). Goal function W arrives at the control link from without,
containing information on the instructions given to the system concerning
the required nature of the process being controlled. The form of the goal
function is the form of the control (stabilization, programmed control,
tracking). Under the influence of perturbations (noise) Z, the controlled
process may assume a character other than that defined by the goal func-
tion. In correspondence with information X concerning the course of the



process and the goal function, the control link applies influence Y to the
control object, designed to decrease the deviation resulting from perturba-
tion Z.
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Figure 3 (Explanation in Text) Figure 4 (Explanation in Text)

The diagram shown on Figure 3 does not consider perturbations
(Z¢, Z¢) acting on the control link, or the influence of these perturba-

tions on the quality of control of the object.

Figure 4 shows the control link in expanded form, combining the
actuator devices serving to act on the object and the measuring devices
designed for transmission of information concerning the state of the
object (human operator) performing the operation in correspondence with
goal function W. The characteristics of the control link in the presence
of a human operator are essentially dependent on the functional state of the
operator (Vinogradov, 1958; Denisov, Kuzminov, Yazdovskiy, 1964; Kosilov,
1957; Rubinshteyn, 1958; Gorbov, 1963; Furevich, Edel'man, 1965; Zarakov-
skiy, 1966; Nebylitsyn, 1961; Lomov, 1966, etc.), _resulting from
perturbations of the external (Z¢) and internal (Z¢) medium. Therefore, it

seems to us that continuous consideration of the functional state during
control of the process X, requires that the diagram (Figure 3) be
supplemented and converted to a '"two-loop'" closed control system

(Figure 5). In this system, the first '"loop" is the previous system

(see Figure 3), while the second "loop'" differs from the first in that the
controlled object is the operator himself, and the controlled process is
his functional state (A). X, is the information, characterizing in some

¢

way the functional state of the operator according to expression (1.2.1),
;1; Y, is the controlling action on the

¢

operator, bringing him to the required state. In the case of nonpermiss-
ible deviation of the functional state from the required state, action Y¢,

depending on the nature of the process being controlled X either provides

and is represented in the form X¢ =

/20



for cessation of control of process X, or replacement of the operator. W

¢
is the goal function for the ''loop'" controlling the functional state of the

operator.

Thus, a '"two-loop'" system, in addition to the controlling actions of
man on machine, calls for controlling influences of the machine on the man
in order to increase the reliability of the "man and machine'" system as a
whole. Systems of the '"man and machine" type with functional control of
the state of the operator can be broadly used in various branches of the
national economy. For example, in railroad transport a demand is already
being felt for automatic warning devices to increase the safety of rail
travel, and in some cases to reduce operational expenditures {reduction of
number of servicing personnel) without decreasing the reliability of
transport operations. The requirement, in particular, to have a warning
device, which could automatically and timely decide that it was necessary
to interfere into the operation of the '"man and machine'" system, since it
is very difficult for man himself to evaluate his own objective cap-
abilities and interrupt his own control function, giving over his func-
tions to a replacement or safety automatic device, has resulted in the
development of the "two-loop" system (Luk'yanov, Frolov, 1966).

The state of the operator
resulting from the complex and
multifaceted interaction of the
organism with the surrounding
medium is objectively reflected in

-
ﬂ_[T Z Control Link ‘ty
I Control |=% (w1th Operator) Controlled

Link | Zomzize ObmctJ physiological processes. The great
{ ‘T;” variety of interactions of the
organism and medium with various
perturbing influences leads to

significant fluctuations in
Figure 5 (Explanation in Text) physiological processes; therefore,

in studying their parameters we

must consider them to be random
functions of time. When certain conditions are observed, the probability
characteristics of these random fluctuations can be estimated only for a
limited number of processes. In order to produce the probability char-
acteristics necessary for realization of a ''two-loop" system, it is
desirable to use sources of information which are closely related to the
principal structures participating in the operator activity of man. The
leading organ, which generalizes, coordinates and controls all systems of
the organism is the central nervous system (CNS). It has been established
that the influence of the cerebral cortex extends not only to activities of
the internal organisms, but to such complex internal processes as the
permeability of cell membranes, chemical regulation of heat liberation,
cellular respiration, the metabolism of gases, proteins, fats, carbo-
hydrates, mineral salts and enzymes. Testing of biochemical processes in
the intact organism is practically impossible, and can be used only in a
limited manner (chemical analysis of the composition of air exhaled, urine,



glandular secretions, etc.). Accessible sources of information concerning
the state of the human operator, as we have noted, include the bioelectric
processes: the electroencephalogram (EEG), the electrocardiogram (EKG),
the electromyogram (EMG), the skin-galvanic reaction (SGR), etc., as well
as nonelectrical characteristics of respiration, blood pressure, body
temperature, speech, etc.

If the number of possible operator states is large, a large number of
bioelectrical processes, signal components and knowledge of probability
characteristics of the corresponding random processes may be required. In
many cases, the matter becomes practically impossible. Considering this,
as well as the fact that one of the most important manifestations of
changes in the concordance between mental processes and functions during
the course of human activity is the change in attention characteristics, as
well as the fact that different operators withstand critical conditions in
different ways (Lomov, 1963), two characteristic operator states were taken
for investigation: the state of attention and the state of emotional
stress.

The present work is dedicated to the investigation and possible
methods of processing of various signal components characteristic for these
states.

We note in conclusion that the methods of testing the human operator
state analyzed can be extended to more complex cases of human activity
(Miles, 1965; Morozov, 1967).



CHAPTER 2

EXPERIMENTAL METHODOLOGY

ABSTRACT. The authors describe four series of experiments
which were undertaken to analyze the influence of emotion-
ality and stress on operator efficiency. The experiments
included reception of a light signal, the response being to
press a button immediately upon receipt of the signal, test-
ing attention stability; selection of an audible signal,
consisting of a series of numbers, in which the test sub-
ject was to recognize when a number was being repeated;
search was visual signal, involving recognition of and
counting of certain types of patterns on a pattern-filled
secrre; and electron beam control, in which an electron
beam was to be made to match a curve on a oscilloscope

by. manual control.

Based on the works of Soviet and foreign scientists (Anokhin, 1964,
1966; Simonov, 1965a, b; 1966a, c¢; Linsley, 1960), we can devise an
approximate system describing the formation of the states being investi-
gated, their influence on the organism and on the various electrophysio-
logical processes which characterize the vital activity of the organism

(Figure 6)

Figure 6 (Explanation in Text)

Above (see Introduction) we noted that emotion is a function of the

magnitude of demand and the pragmatic deficit of information.
apparatus of memory, containing information both inherent and accumulated

Using the

on the basis of experience, the demand arising in the organism (see

Figure 6, A) is transformed into a concrete goal.

Memory also contains

information concerning necessary actions in regard to the goal, allowing
methods of satisfaction of the demand to be predicted.
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The compensatory mechanism of emotion is activated when a comparison
of the difference between information prognostically necessary and informa-
tion available at the moment (evaluation of situation) to the subject
arises.

Emotions have varying influences on the vital activity of the organism
(see Figure 6, B): they increase the tone of the higher cerebral segments
and sense organs, influencing the lower stages of the organizational
hierarchy, '"opening' the storehouse of subconscious memory which we

_attribute to the determination of intuitive solutions, increase the

functional capabilities of the muscles, and stimulate the energy supply for
action. This is expressed in those changes which occur in the electro-
physiological indicators and processes of speech formation (the frequency
of the pulse and respiration, and intonation characteristics of speech,
etc. change). The operation of the attention apparatus is also determined
by the degree of information concerning a certain goal (demand) and the
significance of the goal itself (see Figure 6, A).

However, as was stated above, emotion is always a function of
pragmatic uncertainty: emotion is stronger, the less the information the
human has concerning satisfaction of the demand. In contrast to emotion,
attention is more concentrated the narrower, the more complete the
information concerning where, when and what signals should appear, how and
when the operator should react to it when it does appear.

When a demand arises and is made concrete into a goal, a restructuring
of the nervous and mental process occurs, with a concentration of mental
activity in the required direction. Changes of this process when attention
is present represent primarily an increase in the sensitivity of those
analyzers through which the information arises (or through which its
arrival is expected), necessary to achieve the goal. At the same time, the
remaining channels for information reception are blocked, the operation of
the organs of memory become more purposeful, the readiness of the actuator
apparatus to reaction to signals received is increased, expressed, for
example, in a decrease in latent periods (see Figure 6, B).

The appearance of attention as a state of the central nervous system
should be noticeable in changes in the bioelectrical activity of the CNS.
Also, modern psychology believes that attention reflects the direction of
the entire complex activity of the organism, and therefore doubtless
participation in the physiological mechanisms of attention of changes in a
number of vegetative functions (Griew, Davies, Treacher, 1963;

Walter, R. D., Jeager, 1956; Mundy-Castle, 1957; Oswald, 1957; Mirtschew,
Penov, 1963; Slatter, 1960; Travis, Ohanian, 1954).

The dynamics of development of the states analyzed can be character-
ized, on the one hand, by actions on the surrounding medium, and on the
other hand by continuous comparison of necessary and available informa-
tion concerning the satisfaction of demands (instantaneous analysis
of the situation).

11
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We have modeled conditions of certain situations of attention and
emotional stress in the laboratory in order to produce the signal changes
in the processes being investigated. In a number of practically important
cases, the work of the operator in the 'man and machine' system can be
reduced to functions of tracking, search and selection of signals, and to
functions of control. This activity is usually not related to great
physical stress, but requires considerable stress of the attention and
precise, rapid reactions to incoming signals. The perception of incoming
information is performed primarily through the visual analyzer (Parin, /25
Bayevskiy, 1966). -

Considering these facts, four series of experiments were undertaken,
in one of which the information arrived through the auditory analyzer, and
in the three others -- through the visual analyzer.

A. Reception of light signal. Flashes of light of 10™" sec in length
were applied to the closed eyes of the subject at random time intervals
between 4 and 16 sec. The values of the intervals differed by 1-2 sec and
were evenly distributed. When a flash appeared, the test subject,
according to the instructions, was to press a button immediately. The
specific feature of this work is that success depends primarily on the
stability of attention.

The work (state B) continued 5-7 min, alternating with pauses
(state D) of 3-5 min length.

B. Selection of an audible signal. Using a tape recorder, the test
subject was exposed to a sequence of numbers from 0 through 9, evenly
distributed, at intervals of 1.5 sec. The numbers were selected in this
series with equal probability and repeated. The mean interval between
pairs of identical numbers was 15 sec. When a repeated number was
detected, the test subject was to press a button.

C. Search for a visual signal. Sets of rings, consisting of
510 rings in each frame, were projected onto a 0.7 x 0.7-m screen at a
distance of 2 m from the test subject. Each ring had a notch at one of
eight positions. The test subject was instructed to count rings with
notches oriented in a given direction as rapidly as possible without
mistakes. At the same time, when a proper ring (signal) was found, a
button was to be pressed immediately. The sets of rings, modifications of
the correction tables of Genkin, Medvedev and Shek (1963), were composed
and presented in a sequence designed to exclude the possibility of
the influence of memory on the results of the experiment. Frames
showing rings located in rows were "working'" frames. Between the
"working" frames, a pause of 2-3 min was allowed, during which time
a set of rings in columns was shown, which were not to be counted. In
order to observe the changes occurring during changes in the state (B,
D), the sets of rings were automatically changed. The appearance of a
frame with rings located in rows was the signal to begin counting.
Figure 7 shows four frames with sequential sets of rings. The second

12



Y

and fourth frames are '"working' frames, the other two with rings in
columns are '"nonworking' frames.

D. Electron beam control. In order to control the electron beam, an
indicator device with two curves, described by first and second order
equations and located on the screen symmetrically relative to the scan
axis, was used. The test subject was to make the electron beam trace one
of the curves on command, using the control lever. The rate of movement of
the beam across the abscissa was constant (N = 4.7, 9.5 or 19.0 cm/sec).

At the same time the electron beam began its horizontal scan,
synchronized by a pulse of the recording apparatus, a command was given to
the test subject in the form of a light signal indicating the curve along
which the electron beam was to be guided. The selection of the curves was
random, the probability of selection of the upper curve being equal to the
probability of selection of the lower curve. Samples of recordings of
electrophysiological processes during the state of attention (A) and rest
(R) for one test subject are shown on Figures 8 and 9 respectively.

Any model of the emotional stress should contain the principal
elements of the overall formation of emotions (see Introduction; Figure 6).
Similar to the state of attention, models should call for action, the
solution of a certain problem by man. However, in contrast to the state of
attention, where uncertainty related to performance of the assignment is
reduced to a minimum (instruction, preliminary training), modeling of the
state of emotional stress should include elements of pragmatic uncertainty
in the realization of the mnecessary actions for satisfaction of demands.
The creation of the required demands becomes difficult under laboratory
conditions.

We used two main methods: either the introduction of various degrees
of punishment and reward (avoidance of punishment and achievement of reward
being the demand) related to the solution of the problem, or the creation
of a game situation, arousing the interest of the test subject in fulfill-
ment.of the experimentor's assignment.

The essence of the experiments performed consisted on the one hand in
studies of the emotional reactions of men under conditions of stimulus by
signals, some of which had emotional significance, and on the other hand in
the production of a game situation in which the test subject was supposed
to conceal his selective attitude toward a certain signal from among those
presented, while the task of the experimentor was to detect his emotional
reactions to the significant signals. The form of performance of the
first portion of the experiments, primarily dedicated to investigation
of electrophysiological indicators, was as follows.

13
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Figure 7 (continued)
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Figure 8. Fragments of Electrophysiological Processes Recorded on Electro-
encephalograph. State of Attention. 1, Readings of integrator (analysis
of EEG); 2, EEG (parietal-occipital lead); 3, o rhythm; 4, PG; 5, SGR
(normal gain); 6, SGR (gain increased to twice normal); 7, Channel
recording response motor reaction to significant signal; 8, EKG (non-
standard lead: left leg-right leg)

A. A number of randomly located "points' was projected on a screen
0.7 x 0.7 m, among which a key light spot moved according to a certain
rule. The emotional significance of the signal increased as the key spot
approached a certain point and reached a maximum when the key spot corre-
sponded to the given point (possibility of electrical skin stimulus).
Changes in the electrophysiological indicators resulting from changes in
the space-time characteristics of the signal were studied.

B. Using a motion picture projector, a repeated series of geometric
symbols (six figures) was shown, one or two of which were emotionally

significant.

The location of the signals from series to series could be either
random or regular, and the time of exposure to each (duration of exposure
of a frame) varied between 10 and 40 sec. Between each two signal frames
there followed a blank frame, the time of which was usually 10 sec. As
a result of the experiment, changes in the parameters of the electrophysi-
ological processes were studied. The repetition of input signals allowed
the method of accumulation to be used to separate significant signals in the
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electrophysiological indicators (mainly on the basis of six to ten realiza-
tions).
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Figure 9. Fragments of Electrophysiological Processes Recorded on Electro-
encephalograph. State of Operative Rest. Key same as on Figure 8.

Before each experiment, neutral signal stimuli were shown for 3-5 min.
Figures 10 and 11 show models of the recordings of electrophysiological
processes in the state of rest and emotional stress for the same test subject
(R indicates the change in circumference of the thorax during respiration®,
a(t) -- the a rhythm in the frequency range 8-13 Hz).

The second portion of the experiments was dedicated to analysis of
intonation of the speech at various levels of emotional stress. In order to
achieve this purpose, it was decided to use the principle of modeling of human
emotions by acting (Simonov, 1962). We did not assign each actor the char-
acter of the intonation to be modeled ('happiness,' "alarm,'" etc.), but rather
the situation (suggested situations after K. S. Stanislavskiy), considering
that the situations would arouse the corresponding emotional experiences in
the actors. Although certain differences between actors' emotions and
natural emotional reactions had been established earlier in special exper-
iments (Simonov, Valuyeva, Yershov, 1964), it could be hoped that the high

IIn the experiments, the value of R was determined by the increase in the
circumference of the thorax during the process of respiration relative to its
value with the hreath held.
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corticalization of speech functions would make these differences less expressed
than in the sphere of vegetative components.
intonation coloring of speech is a very reliable means of communications.
main portion of the experiments was performed using 15 actors and students from

the studio of Moscow's Sovremennik Theater.
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Figure 10 (Explanation in Text)
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Figure 11 (Explanation in Text)

It is well known that the

The

The experiments were specialized and constructed on the basis of imitation

of radio conversation of the actor with the "earth,'" with the actor in various

flight situations.
used in flight communications:

etc.

The text of the conversations included expressions broadly
"This is Almaz" (call sign), ''Roger," "Good,"

The nature of the situations themselves was related either to success in

fulfillment of a task (positive emotions), or to the appearance of unexpected
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complications on board the aircraft, increasing danger (negative emotions).

The recording of electrocardiograms during the recording of speech reactions on
magnetic tape made it possible to determine whether true emotional stress was
actually aroused or whether the actor was really reproducing the intonations
purely artificially, while remaining quite calm. The clear changes in cardiac
rhythm in the overwhelming majority of cases indicate the correctness of the
first assumption (Fi%ure 12) and make the results of the experiments comparable
to natural reactions-.
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Figure 12. Fragments of Electrocardiograms for Certain States. Top to bottom:
“Rest,” lIJoy’ll llA]armll
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Figure 13 (Here and in Following 1l1lustrations, Explanation in Text)

The block diagram of the experiments, collection and primary processing of
information is shown on Figure 13. The test subject was placed in an isolated
chamber, along with the means for reflecting information (movie screen, light
and sound apparatus, cathode ray indicator, etc.). The message source used was

I"The authors express their deep gratitude to National Artist of the USSR

V. 0. Toporkov, chief director of the theater 0. N. Yefreymov, director

P. M. Yershov and their colleagues for their help in the performance of this
portion of our work.
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a motion picture projector, tape recorder and various stimulators which were
combined with the recording apparatus when necessary through the program
device.

The recording of electrophysiological processes was performed using a /33
stripchart recorder and a 17-channel Nihon Kohden type ME-171D electro- T
ericephalograph with spectral band analyzer. Magnetic tape recordings were made
using a special tape recorder transforming the amplitude modulation of the
signal to frequency modulation.

In order to record the electroencephalogram (EEG) the parietal-occipital
lead was used, while the skin galvanic reflex (SGR) was recorded using a lead
from the back and palm surface of the hand. Since the processing of electro-
cardiograms (EKG) primarily involves the investigation of information con-
sisting of changes in pulse frequency, any of the three standard leads could be
used to record the EKG. Changes in the circumference of the thorax during
respiration and plethysmograms (reaction of constriction and expansion of
vessels) were recorded using special pickups manufactured by the ALVAR firm.

In all, approximately 300 experiments were performed, involving the
participation of 53 subjects of both sexes and not over 35 years of age. The
duration of each experiment was 1.5-3 hrl.

Figure 14

Secondary processing of signals (estimation of distribution, spectral-
correlation characteristics) was performed using Ural-2 and M-20 digital
computers with an analog-digital converter manufactured at the Institute of
Mathematics, Siberian Affiliate, Academy of Sciences USSR (Figure 14), and a
band spectral analyzer of the Danish firm '"Bruel Kjaer."

in performing the experiments.
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The quantized signal from the output of amplifier Amp1 or tape recorder

MAG could be sent immediately to the analog-digital converter ADC. This
converter quantizes with an accuracy of 0.8% (eight binary digits, including
the sign bit, corresponding to a dynamic range of 41.9 db). The quantization
frequency is established by the synch pulse generator SG and may vary from zero
to 30 kHz. At the output of the converter, the codes are recorded on magnetic
tape using a special tape recorder (MID of M-20 computer). At the computer /34
center, the tapes could be read on a similar tape drive and input to the

machine. Input quality control was performed by reading the codes from the MTD
through a digital-analog converter DAC and listening (speech) through amplifier
Amp2 or visual checking on the screen of oscillograph O of the continuous

signal produced. The apparatus allows slowly changing signal parameters
(envelope) to be input to the machine from the outputs of five-channel
analyzer A through commutator K.

The processing was based on the specific features of the operation of the
speech-forming channel, certain model concepts and the possibility of using the
results of the theory of stable processes for analysis of electrophysiological
signals, which greatly facilitates the production of quantitative estimates for
the signals being investigated. In the general case, biological processes
reflecting changes occurring in the human organism under the influence of
factors in the surrounding medium are described by random, unstable processes:
However, in a number of practical applications, including the performance of
experiments in which the influence of the surrounding medium can be limited and
stabilized and the state of the test subject is determined basically by the
experiment itself, with otherwise equivalent conditions, observation intervals
can be selected in which the properties of the electrophysiological processes
change comparatively slowly with time, so that the processes themselves can be
eonsidered stable over time intervals sufficient for calculation of the
necessary characteristics (Gnedenko, Fomin, Khurgin, 1962; Denier van der Gon,
Strackee, 1966; Genkin, 1965).

In the following sections, we will analyze certain problems involved in
the processing of speech and various electrophysiological signals for the
states of attention and emotional stress. In the latter case, the main portion
of the work, related to analysis of electrophysiological indicators, is
dedicated to the study of comparatively weak emotional reactions (relative
changes in pulse frequency not exceeding 10-15%).

Problems of the investigation of speech signals have been analyzed, as was

noted above, for various emotional situations related to the development of
success or the appearance of factors complicating the task.
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PART |

UTILIZATION OF PHYSIOLOGICAL SIGNALS FOR EVALUATION
OF OPERATOR ATTENTION

CHAPTER 3

SIGNALS OF THE STATE OF ATTENTION

ABSTRACT. Various types of signals of the state of att-
ention are analyzed; the signals analyzed include the
alpha rhythm and other electroencephalographic character-
istics. The values of a random sequence of readings of
the alpha rhythm integrator are subjected to mathematical
analysis to determine distribution, confidence limits,
etc.

§3.1. State of Attention and Operative Quiet

All processes of cognition, be they preception or thought, are directed /35
toward a certain object reflected in them. The relationship of subject to
object is expressed in attention. Attention is usually phenomenologically
characterized by excessive direction of the consciousness toward a given
object which is then perceived with particular clarity and sharpness. The
selective direction as a central phenomenon in attention is accompanied by an
increase in the threshold sensitivity of certain analyzer mechanisms, the
manifestation of which is so-called sensitization. Analysis of sensitization
in a broader sense, not only as a change in the thresholds of sensitivity of
the sense organs, but as an increase (and corresponding decrease) in
receptiveness to impression, thoughts, etc. allows us to extend the concept of
attention to mental processes as well. The basic expansion of the concept of
sensitization can be the generality of the mechanisms of these phenomena
which are related, according to this assumption, to the trophic influence of
the vegetative nervous system on the central nervous system (Rubenshteyn,

1946).

Attention (in the broad sense of this word) occurs in operator activity,
requiring, in addition to precise operation of the actuator apparatus, the
performance of logic operations as well.
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The activity of the operator in the "man and machine' system consists of
several, generally interrelated stages: perception, analysis of incoming
information and performance of action according to decision made. The
specific gravity of each component may vary and is determined by the condi-
tions and nature of the task being performed. In nondeterministic systems,
the influx of information arriving at the operator may be represented in the
form of a random function of one or several arguments, the information on the
properties of which is accumulated during the training process. Here, due
to the limited capabilities of man, an idea of the probability properties of
the random function is formed by averaging. Any averaging always involves a
loss of information, so that each time, regardless of the duration of the
training stage, there is a difference between the mean a priori data on the
flow of information and the current information, which is but one possible
realization of the random function.

Thus, in nondeterministic systems, according to the concepts of
P. V. Simonov, the state of attention should be emotionally colored and more
stable, than in deterministic systems. The emotional coloring is looked upon
as one of the lower stages of emotional stress, characterized by uncertainty
in the flow of incoming information to the extent to which it is observed as
realizations of the random function, whose probability properties are known,
follow each other. In contrast to emotional stress resulting from various
types of stress factors, emotional coloring, against a background of which the
operator activity occurs, is relatively stable with time.

The work of the operator usually does not involve physical stress, but
requires considerable attention stress for the performance of logic operations
and achievement of rapid, precise reactions to incoming signals. In the
following, the state of a human involved in operator activity, which, as was
already noted, has considerable emotional coloring, will be represented by the
state of attention (A), which will be assumed unchanged as long as the factors
of the surrounding medium remain unchanged. The state of operative rest (R)
will be taken to mean the state of a human in a working situation in a state
of attentive rest, not immediately involved in operator work.

§3.2. Physiological Characteristics of Attention

Attention is the most global characteristic of the active state of man;
it is required with any purposeful activity regardless of which analyzers
(visual, auditory, etc.) participate in the activity; therefore, character-
istics of attention can be determined in changes not only of specific, but of
nonspecific reactions of man.

Concerning the state of attention, i.e. the selective readiness to react
in a certain manner to a certain signal, we can judge first of all, as is
frequently done, from the reactions themselves: their presence (signal not
missed), the length of the latent period, the threshold, indicating sensitiv-
ity of the analyzer, etc. It has been shown that a warning of upcoming
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stimulus to which an answer should be given, leads to a reduction in latent
periods and a lowering of thresholds (Maruseva and Chistovich, 1954).

Also, attention as a nervous-mental process should be reflected through
the functional state of the CNS in its electrical activity. Here we must base
ourselves on the statement of N. Ye. Vedenskiy concerning the correspondence
of electrical and functional changes in the tissues and organs, the basis of
practical electrophysiology, in particular for electroencephalography and
electrocardiography (Golikov, 1960; Livanov, 1955; Rusinov, Smirnov, 1957).

A characteristic bioelectric reaction of the cerebral cortex to a
stimulus is the "response elicited''!. The concentration of attention to
stimuli leads to an increase in the amplitudes of these responses and to a
change in their configuration (Garcia-Austt, Bogacz, Vanzulli, 1964; Haider,
Spong, Lindsly, 1964, etc.). An objective review of the specifics of
elicited potentials in man in the state of attention was published by
N. I. Chuprikova (1967). A number of works has been dedicated to the char-
acteristic slow negative wave ("'expectation wave') which arises between
warning and start signals (Walter, 1965; Rebert, McAdem, Knott, Irwin, 1967).

An increase in the amplitudes of elicited responses may be related to
the activating influence of reticular formation. According to the data of
S. P. Narikashvili (1963), direct electrical stimulus of the reticular forma-
tion of the brain stem leads not only to an increase in the amplitude of the
first responses in the cerebral cortex, but also to their stabilization, i.e.
to constancy of the neurons involved in the reaction.

Although changes in elicited potentials are quite interesting for
investigation of physiological mechanisms of concentration of attention, the
practical significance of these bioelectric changes is not great as yet, since
we rarely encounter signals in the sphere of operator activity which are
accompanied by clear elicited responses. Theoretically, a system of testing
the operator state by recording elicited responses to special series of test
stimuli could be among future developments.

As concerns the summary electroencephalogram with surface leads, in
addition to investigation of the EEG itself, which has a tendency to depres-
sion in response to various stimuli, there is considerable significance in the
study of the rhythms, components of the EEG which are physiological char-
acteristics of the functional state of the brain. Among these rhythms,
particular significance must be given to the o rhythm, characteristic for the /38
EEG of a mature, healthy man in the conscious state with closed (Kozhevnikov, ~
Meshcherskiy, 1963) and open eyes (Mullholland, 1965). It is assumed that the
o rhythm is the rest rhythm which is desynchronized when the brain is excited,
and synchronized when inhibition occurs. This general statement can hardly be
be made concerning the nature of the o rhythm during mental loading, with
concentrated attention. Still, most investigators note a tendency to

1 We retain here the terminology used in physiology.
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depression (desynchronization) of the o rhythm as attention is increasingly
concentrated (Gastaut, Bert, 1954; Walter, 1959; Lorens, Darrow, 1962, etc.).
If the probability of appearance of an expected state signal is great, the
number of spontaneous depressions of the o rhythm decreases (Yui Vyen Chao,
1964). The worsening of attention with the appearance of o rhythm depression
and desynchronization of EEG has been reported by Adrian (1947), Gastaut,
Bert (1954), Kugler (1963). Mundy-Castle (1957) speaks out against the
direct relationship between attention and depression of the o rhythm.
Exaltation of the a rhythm in response to auditory and tactile stimulation, as
well as in case of expectation of a signal and mental stress were observed by
Durup, Fessard (1935), Darrow (1947), Travis, Barber (1938), Kreitman, Show
(1965). The contradiction among the proponents of depression and the propon-
ents of exaltation of the o rhythm during concentration of attention was
studied by Travis and Ohanian (1954), who reported that depression of the a
rhythm is related to directed thinking, exaltation to generalized thinking.

Together with the investigations of changes in the amplitude of the a
rhythm during concentration of attention, a smaller number of works is
encountered dedicated to study of other parameters of the main EEG rhythm.
For example, M. N. Valuyeva (1965) described the phenomenon of stabilization
of the maximum amplitude of the o rhythm during expectation of a significant
stimulus, while Darrow (1947) under similar conditions noted an increase in
frequency. A. A. Genkin (1963), in investigations of the mental activity of
man, noted a change in the asymmetry of phase durations in the EEG.

Analyzing various phases of individual cycles of activity of fluctuating
processes occurring in physiological systems as corresponding to qualitatively
different functional states, Genkin {1965) gives considerable significance to
the level of asymmetry of phases as characteristics of physiological
processes.

In the experiments of D. M. Grinberg and A. A. Zubkov (1963), mental work
led to appearance of rhythms of higher frequency (8 and y) or to an increase
in their frequency and amplitude with simultaneous decrease in the frequency
and amplitude of the o rhythm. In many cases during activization of
attention, no changes in the frequency spectrum of the EEG are noted at all,
including in the o range (Artemeva, Khomskaya, 1966).

The mutually contradictory nature of available data indicates that the
state of attention apparently cannot be unambiguously characterized by
information produced only by analysis of EEG, in connection with which
supplementary sources of information are required.

One of the manifestations of attention is an increase in sensitivity of
analyzers. The important role of vegetative changes in changes in sensitivity
to stimuli has been noted by Ye. N. Sokolov (1958), Graham and Keen (1966),
etc. Mirtschew and Penov (1963) note that changes in the functional state
influence first the vegetative nervous system, then the electrical activity of
the brain.
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Griew, Davies and Treacher (1963) consider a decrease in the pulse
frequency to be a characteristic of attention. They found a correlation
between the variability of the pulse frequency and the number of errors
comnitted by test subjects. It should be noted that an increase in the
significance of the stimuli expected, as a rule, leads to an increase in pulse
frequency rather than a decrease. Also, the nature of the cardiac reaction
(increase or decrease in frequency) depends to a considerable extent on
individual specifics of the operator.

Even the briefest review of available data indicates that the problem of
reliable, objective characteristics of concentration of attention remains open
and requires further study.

Attention, accompanied by adaptation of the entire organism to optimal
perception of certain stimuli and most precise reaction to them, naturally,
attracts all of the vitally important systems of the organism into the
adaptation process through the central nervous system: the cardiovascular,
respiratory, nervous-muscular and other systems are all involved. A change in
the functional state of systems is reflected in their electrophysiological
characteristics: EEG, EKG, PG, EMG, as well as the skin-galvanic reactions.

§3.3. Certain Parameters of Physiological Processes and Their Interpretation

Biological processes reflecting the interaction of the human organism
with the medium are quite complex and fluctuating in nature. Even with
seemingly identical external conditions, fluctuations of these processes are
quite varied in magnitude and form. In connection with this, when biological
processes are investigated their characteristics must be assumed to be random
functions of time, and the processes themselves analyzed as sequences of
locally stable processes, i.e. as processes whose properties change with time /40
so slowly that the processes in the observation interval can be considered —
stable (Genkin, 1965; Denier van der Gon, Strackee, 1966). The possibility of
this approach is indicated by B. V. Gnedenko, S. V. Fomin, Ya. I. Khurgin
(1962), who note that in many cases the biological processes, including
spontaneous activitiy of various sectors of the central nervous system, can be
looked upon with sufficient accuracy as stable processes, and can be
approached from the point of view of the theory of stable random processes.
The possibility of using the theory of stable processes for the analysis of
biological processes greatly facilitates the production of quantitative
estimates of the processes being investigated.

The random function which describes a physiological process can be looked
upon as an infinite set of random quantities (Pugachov, 1957) where the i-th
random quantity is represented by a set of possible values of the physiolog-
ical indicator, one of which can be observed at the i-th moment of time. The
physiological indicator may be, for example, the interval of the cardiac,
respiratory or other cycle; the amplitude of the EEG, reflecting the degree of
excitation of the nervous structure; the amplitude of the PG, characterizing
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the depth of respiration; the amplitude of the plethysmogram, indicating the
degree of filling of the blood vessels, etc. An exhaustive characterization
of the set of random quantities is their distribution. The performance of
calculations using the distribution rules of a set of random quantities is
frequently quite difficult, so that in practical applications, greater
attention has been given to their numerical characteristics. The simple but
in many practical cases quite satisfactory numerical characteristics of
random processes include mathematical expectation, dispersion and correlation
function. The mathematical expectation is a certain mean level, about which
the concrete realizations of a random process fluctuate (by realizations, we
mean the concrete form taken by a random process as a result of an exper-
iment). The distribution of fluctuations of concrete realizations of a random
process about the mathematical expectation is characterized by the dispersion.
The correlation function reflects the degree of dependence between preceding
and subsequent values of a random process separated by time interval T.

Highly organized biological systems, in order to provide optimal
fulfillment of metabolic reactions in the organism, have an interesting
ability to retain relative constancy of the internal medium and certain
physiological functions (blood circulation, body temperature, etc.). If the
conditions of the external medium are changed, when perturbations arise the /41
central nervous system perceives them through nervous and neurohumoral paths
and acts on all functions of the organism so as to retain the parameters of
the internal medium unchanged, by switching individual systems of the
organism to new modes, new levels of functioning. For example, when the
percent content of oxygen in the air being inhaled is changed, the CNS
switches the respiratory system to a new level of functioning in order to
maintain constant the gas composition of the internal medium, for example by
deeper breathing. The external manifestation of the changes in level of
functioning of the respiratory system will be an increase in the difference Am

between the maximum and minimum values of the PG of the respiratory cycle. In
this example, Am is an objective indicator, adequately reflecting the level

of activity (depth of respiration) of the respiratory system. With unchanged
external perturbation, the depth of respiration, and consequently the value of
Am’ should remain constant; however, in actuality, due to various types of

random factors, it fluctuates. In connection with this, in order to evaluate
the functional level of the system it is desirable to select a characteristic
which would be independent or only weakly dependent on random factors. For
ergodic processes, one such characteristic is the mean value, determined over
a rather extensive period of time; the greater the time interval, the less the
dependence of a given characteristic on random influences. With unlimited
increases in the interval, the averaged mean value of the ergodic process
approaches its limiting value, the mathematical expectation. Thus, the
mathematical expectation of an ergodic process is an indicator characterizing
the level of the functional state of the system being investigated.

An analogous characteristic in the mean 1is the dispersion of a process,
which reflects the degree of fluctuation of values of the physiological
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indicator about the mathematical expectation. The relationship of dispersion
to mathematical expectation can be used to characterize the stability of the
functioning of a system, lower values of the ratio corresponding to higher
stability.

Numerically, dispersion is equal to one of the values of the correlation
function, namely the value with the argument of the correlation function equal
to zero. In comparison with the dispersion in this case the correlation
function is a more general probabilistic characteristic, establishing the
relationship between preceding and subsequent values of the process, for which
it is calculated. For a broad class of ergodic processes, the absolute value
of correlation function decreases without limit to zero as argument T
approaches infinity (Livshits, Pugachov, 1963) so that we can always /42
indicate a time interval Ty after which the correlation function will be -

practically equal to zero.

For a random process with normal distribution, the practical absence of
correlation indicates the practical absence of any relationship between non-
correlated readings of the process. This means that the state of the system
up to moment in time tes characterized by value of the physiological indi-

cator ¢(tk) has no practical influence on the state of the system at moment in
time (tk + TO), characterized by ¢(tk + TO), and in this sense the values of
¢(tk) and ¢(tk + TO) are considered independent. For a process with monoton-
ous correlation function, the dependence between readings ¢(tk) and ¢(tk + At)

increases with decreasing At, where 0 < At < 9

From the point of view of information theory, a decrease in At means a
decrease in the quantity of information produced by observation at moment

tk + At and added to the information available at moment tk' This is

explained by the fact that with decreasing At with otherwise equivalent
conditions, the probability of an essential deviation of ¢(tk + At) from ¢(tk)

is decreased; in other words, readings separated by interval At will corre-
spond in value to the expected and predicted values on the basis of informa-
tion on the correlation function and ¢(tk) most frequently. In connection

with this, a problem arises: 1is it not possible, without essential losses of
information, to replace continuous testing of a process being investigated
with discrete testing in order to reduce the experimental material and,
consequently, the volume of computational work, which is a factor of no little
importance in practical applications. Actually, for many processes this can
be done. Thus, for random processes with exponential correlation function

B(t) = Ae™" in determining the mathematical expectation m from experimental
data by adding evenly spaced values of the process, interval At must be
selected equal to time tM’ over which the normalized correlation function

decreases to 0.2. Replacement of continuous testing of a random process with
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discrete testing with interval tM means that the error in determination of the

mathematical expectation increases, but by not more than 10%, if the condition
aT = 50 obtains where T is the length of the interval over which determination
of the mathematical expectation is performed.

If a random process has nonmonotonously decreasing normalized correlation
function R(t) and if the intervals At between evenly spaced values of the
random process is selected not greater than the time required for R(t) to
attenuate to a value of 0.2 (it is assumed that for t greater than this time,
attenuation |R(t)| < 0.2), the error in the determination of m will also be
within acceptable limits.

It will be shown in the following that the processes investigated are of
this type: either the correlation function is near exponential, or the /43
correlation function is nonmonotonous, but without sharp jumps.

When it is necessary to determine the dispersion of a random process on
the basis of experimental data by adding evenly spaced values, the discretiza-
tion step At should be selected equal to the time in which the normalized

correlation function R(T) = Ae”™®" decreases to 0.45, in which case the error
due to replacement of the continuous random process with the discrete process
will also not exceed 10% (Livshits, Pugachov, 1963).

Sequence of Readings of o Rhythm Integrator'

The behavior of random quantities and random functions can be described
by their probability characteristics. An idea of these characteristics can be
produced on the basis of processing of the necessary experimental data
produced as a result of performance of observations of random quantities and
functions of interest.

In the following, in contrast to the theoretical or true probability
characteristics, their estimates produced on the basis of experimental data
will be called statistical or sampling characteristics.

The basis of the methods of determination of estimates is the law of
large numbers, in correspondence to which when a large number of experiments
has been performed, possible deviations of the mean value of results of
experiments from the corresponding mathematical expectation of the parameter
investigated frequently become small, i.e. the estimates approach the true
values of the numerical characteristics of the distribution.

The performance of a large number of experiments involves considerable
expenditures of time and funds, and in many cases difficulties of principle:
for example, when the object of investigation is a biological system, it is
natural to want to produce statistical characteristics as close as possible to
the corresponding probability characteristics, from the least possible
quantity of experimental data.

29




§3.4. Correlation Properties of Sequence of Readings of o Rhythm Integrator

In beginning our analysis of the correlation properties of a random
sequence of o rhythm integrator readings, let us agree to represent the random
sequence of readings of the o rhythm integrator by Z(tk), understanding by

Z(tk) the function, the values of which at discrete moments in time tk

(k = 1,2,...,n) are random quantities. The sequence of concrete readings of /44
readings of the o rhythm integrator produced as a result of performance of the
i-th experiment will be represented by ci(tk) or, in expanded form,

Clh) = Gt Gilta)e o G (t)y o By (1))

The correlation function is one of the main probability characteristics
of the random process. It is well known that the assignment of the correla-
tion function alone fully characterizes the stable Gaussian process; in many
cases, this is also sufficient for a description of properties of the process
with distribution other than normal (Kharkevich, 1965; Levin, 1966). For a
discrete process, an estimate of the correlation function B(TS) could be the

statistical correlation function B*O(TS), determined by the following formula:

. { n-—-s ' )
-/)Q(Ts) =- ';’l-_’:' Z[/; (/;.;)ﬁlnz] [/, ([};.5)‘/‘)27‘], (3'4'1)
k==t

where m, is the mathematical expectation of the random sequence Z(tk); T is

the time shift; - T ST S At+s; n is the number of terms in the random

Tk+s k
sequence Z(tk); k is the number of term Z(tk).

In practice in determining the statistical correlation function of the
random process, its mathematical expectation is not known; therefore, in
formula (3.4.1), m, is replaced by the statistical mathematical expectation

m*z. The estimate of the correlation function then takes on the form

n—s
z [(Z(t) —my 7L, ) — m,],
o1 (3.4.1")

I

w8

Lo () =

where

n
® I <,
My = > 7 (t).

Ke=1
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Here, if n is great enough, the statistical correlation function
B*O(Ts) (3.4.1'") will differ little from the true correlation function B(TS)

(Livshits, Pugachov, 1963). Dividing expression (3.4.1') by B*O(O), we
produce estimate R*O(rs) of the normalized correlation function R(rs):

n-—3§

n SZGY— 12 ) —m))

]?* Yy e AT — -
O('ls N ‘7; h~— (3.4.2)
(re—s) ™ (Zityy--my)?
;;1
In order to calculate the values of the normalized statistical correla- /45
tion function using concrete experimental results, we use the formula
n--s
n DY G () gl S (s — 11%]
Re(rye KL
(=) 3V (5 (4) — ) (3.4.3)
=1

where

For sequence Z(tk), the normalized statistical correlation functions
R*(TS) were calculated from the relatively long realizations c(tk), the
quantity of readings n being over 50. The statistical characteristics R*(TS),

calculated using formula (3.4.3), are presented on Figures 15-18.

We can see from these figures that the statistical characteristics R*(TS)

for each person in the state of '"operative rest' (see Figures 15 and 17), as
well as in the state of "attention' (see Figures 16, 18) have considerable
qualitative similarity.

One specific of the characteristics R*(TS) is their rapid attenuation

with increases in the argument. An unlimited decrease of the modulus of the
correlation function of the stable random process as argument (t) » (=)

indicates the ergodic property of the process, allowing averaging using the /47
set of realizations to be replaced by averaging using one realization over a
sufficiently long, but finite, time interval.
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Figure 16

In the cases analyzed,
attenuation of R*(Ts) occurs so

rapidly that neighboring readings
of realization g(tk) can be

considered noncorrelated where
A = 0.2. The sense of constants A
will be explained below (3.4.6).

It is considered that readings
qtk) and g(tk + 1) are practically
noncorrelated if t > > where i
(correlation interval) is deter-
mined by (3.4.4), (3.4.5):

o
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Tp = S 1? (t) dr (3.4.5)

o) o
l
b (Kharkevich, 1965).
ﬁ Determination of (3.4.4) and
| (3.4.5) is convenient in those
Il cases when the integrand is not
45 H

negative. In those cases when the
correlation function fluctuates
about the abscissa, the correlation
time is defined as the value of the
argument for which the absolute
value of the normalized statistical

e gy g )

AN, Srslation faction is sl to
\AV/ ‘tﬂ;y”\c‘;;%5JC/_ f% remaing less zhan A: ) ' ‘o
Figure 18 A @ <A whent 2> 1o, (3.4 6)
where
T, = ma.\'? = @) |y-a;

$(y) 1s the inverse function of modulus R(T1).

In order to increase the reliability of the value of normalized
statistical correlation function for determination of the values of the
correlation interval (3.4.6), we use data from several realizations produced
in m independent experiments. The expressions for statistical correlation
function B*m(TS) and statistical dispersion D*m for calculation using the

data of m realizations of random sequence Z(tk) has the form (Livshits,
Pugachov, 1963):

33



m 7

>j \9 (7 (1)~ my  [Z; ([h §— gl

Py == T
>1 n, —ms (3'4‘7)
i=1
| 2 ZJ (Z (1) — )2 (3.4.8) /48
[ == By (0) — L}J:_L_;,r S -

zan,
13
17=1
Let us calculate the normalized statistical correlation functiom

. Bo(r) B ()
]Zm 2) = ~*1_Zl- - = & S 3 . 4 . 9
(00 = = (3.4.9)

We introduce the symbols:

n,—s§
i S

S U Y e 1T (F Y e ity = (e
21 [/w(n./ 7”/,1[lz(th-s) my] Ci (3.4.10)

k=1

2 [Z‘L(t;J —lnlzl2 =iz '('5‘7'.- (3.4.11]
k=1

Let us substitute (3.4.7) and (3.4.8) into (3.4.9) considering (3.4.10)
and (3.4.11):

m k3
\‘ n, \1 O,
P 1

R = 3

m

[2 n E,,u] \;w (3.4.12)

From the expression

- : . B (ty)
Di- - B0, R(tg) — —= 5.
) (%) B’
711—-3
* {
e (fs) - ;;':‘S‘ :)_‘J [I/L(fh)—~l}[/][ (th )"—— I)Z/]
k=1
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for the statistical correlation function and statistical dispersion,
calculated using the i-th realization of random process Z(tk), we find

&1 = Diny;
Ci = (n; — 5) DR (v,).

Let us substitute the values produced for Ci and & 5 in (3.4.12) and,

after transformation, we produce
T

. 1ATIDIR (1)

R, (Ts) =t —

N (3.4.13)

i 1

.}\/ 3

1
—

where

"~ ~ is the weight coefficient
N\ NV s

Do i1

With identical intervals of determination of realizations of random
process Z(tk), equal to n-At(n1 =

n, = ... = nm),_the expression for the
normalized statistical correlation function R*(rs) will have the form

m o,

{! ('f_c) >_1J )»,{)/l);’ (T‘q). (3'4.14)
i1

where

n;

n i

?\'; e m o
NR2

v

On Figures 19-22, the solid lines show the normalized statistical
correlation functions of random sequence Z(tk) for the state of operative rest

(Figure 19, 21) and attention (Figure 20, 22) of two test subjects (V. R. and
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L. L.), calculated using the general formula (3.4.13) utilizing realizations
presented on Figures 15-18. A comparison of characteristics R*(TS) for the

state of operative rest (see Figure 19, 21) and the state of attention (see
Figure 20, 22) shows that the random sequence Z(tk) in the state of operative

rest has a tendency to greater correlation than the state of attention, the
readings ;(tk) and c(tk+1) being practically noncorrelated in the sense of

condition (3.4.6) where A < 0.1.

An jidea of the reliability and accuracy of the normalized statistical
correlation function R*(rs) can be composed by calculating, for example using

the values of R*(Ti) of the function R*(Ts), the confidence boundaries

defining the intervals in which the unknown true values of the normalized
correlation function R(Ti) of random sequence Z(tk) are to be found with the

required probability (reliability). For a symmetrical confidence interval,
its width 2¢ is defined by the condition

PR (v) — ()| ey = a, (3.4.15)

where P{ } is the probability of fulfillment of the inequality included in the
braces; a is the value of probability characterizing the reliability of the
approximate equality R*(Ti) ~ R(Ti); ¢ is the confidence interval boundary.

With known dispersion DR for R*(Ti) and fixed probability a, the value of /51

e is determined by the formula

e= 2,V Dy, (3.4.16)

where Z, is a quantity corresponding to the fixed level of probability.

For certain quantities a, we present below values z = z, for Z, following

the normal distribution

(w(z) = (7)) l: exp {—— -i 22} :
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a : .. 0,6827  0,7287 00,7699 00,8004

Zg .« . . 1,00 1,10 1,20 1,30
a ... 0,8385 0,8664 0,5004 0,0000
2 e . 1,40 1,50 1,60 £,70
a ... 0,280 0,0426  0,9345  0,0(43
zZg « . . 1,80 1,90 2,00 2,10

More detailed information concerning the table of values of the probabil-
ity integral

@ (z) = — ge— gz oS W() <

oy
b

!
1

-l

can be found in the works of V. V. Nalimov (1960), A. K. Mitropol'skiy (1956),
I. V. Dunin-Barkovskiy and N. V. Smirnov (1955), etc.

For an ergodic, random process, any realization has properties of the
entire set, and therefore the result of time averaging performed on one
realization corresponds with the corresponding mean for the set at any moment
in time. In particular, for the ergodic process we have

MUXN (D —ma, N ({--T)—mx}=:

s
= lim —,?,—\‘ [N (1) = ma ) |X (1 -F T) =]

g )
0

where the left portion of the equality contains the mathematical expectation
of the product of two centered random quantities as values of the ergodic
random process X(t) for moments of time t and t + T; the right portion
contains the time average with respect to one realization of the product of
values of the process X(t), differing in time by t = t (Levin, 1966).

Thus, if the ergodic random process X(t) is represented by a continuum of

random quantities X(tl), X(tz), cees X(tm) or more briefly, Xl’ X2, cees Xm,

then the sequence of readings R(Tl), R(Tz), ey R(Tk) of the normalized /52

correlation function R(t) can be interpreted in the form of the series
pi(i+1)’ pi(i+2)’ e pi(i+v)’ (v = k - i) paired correlation coefficients of

random quantities (Xi, Xi+1)’ (Xi’ Xi+2)’ ey (Xi, Xi+v)'
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The sampling characteristics, calculated from experimental data, due to
the time limitations of actual observations, will of course be random in
nature and will differ from the true characteristics of the process being
investigated. Thus, the value of the normalized statistical correlation
function R* (1) with a change in (1) greater than (or equal to) the correlation
interval (To) may be other than zero. In order to estimate the reliability

and precision of the values of R(t), we construct the confidence boundaries,
considering the ergodic properties of random process X(t), using the confid-
ence boundaries for the sampling correlation coefficient r.

For pairs of random quantities distributed normally, the expression for
dispersion Dr of the statistical correlation coefficient r has the following

form with an accuracy to terms on the order of n_:“"/2 (Kramer, 1948)

| - n2)2
D, - (_._“’;._L : (3.4.17)

where p is the true correlation coefficient.

The value of p is not always known; therefore, in place of expression
(3.4.17), we use either formula (3.4.18) with a sufficiently large sample

fyee 0D (3.4.18)

or use the upper estimate D of dispersion Dr of the statistical correla-
max
tion coefficient r, produced from (3.4.17): p2 > 0, therefore where p = 0,
Dr = Dr 5
max
1
Depax " (3.4.19)

It should be noted that estimate (3.4.18) is reliable only when the
sample, distributed normally, has volume n very large and p2 not near unity.
If the value of n is only moderately large and if p“ is near unity (an
indication of this is that r? is near unity), dispersion (3.4.17) of the
sampling correlation coefficient r may differ significantly from the precise
value of dispersion for r (van der Waarden, 1960). V. I. Romanovskiy (1947)
recommends that formula (3.4.18) be used for n = 50.




Let us rewrite (3.4.15) considering (3.4.18) and (3.4.16) /53

P {H*(Ti)— 2L R ()] R () < A (1) -

|

..f_i L 2 L..ﬁ
T U B () = a (3.4.20)

Equation (3.4.20) allows us to construct confidence boundaries for R(Ti).

From (3.4.20), we produce the following expressions for the upper and lower
confidence boundaries:

R ("'i i i —~~i(£—~ -— 2 ;
i (1) (13) T U — 22 (1)) (3.4.21)

1) = () = 1 ), (3.4.22)
tn

Figures 19-22 show the confidence boundaries calculated by formulas
(3.4.21) and (3.4.22) with the dotted lines. The confidence zone bounded by
RZ(Ti) and Ru(ri) should be understood as the zone with random upper and lower

boundaries which covers the true normalized correlation function with
probability a. Figures 19-22 show the confidence zones constructed for
z, = 1.5, which corresponds to confidence probability a = 0.8664 (see p. 36).

Let us now look into the sense of the note made earlier concerning the
practical noncorrelation of neighboring readings of the process investigated,
based on the definition of correlation time using formula (3.4.6) where
A < 0.1. Putting forth the zero hypothesis HO of independence of readings

(HO:p = 0), let us construct the critical area in the form

[ (v) | > 2 L 7 (ol (3.4.23)

ion

with level of significance q = 1 - a. In statistical analysis, with a

certain degree of arbitrariness, only those divergences, the probability of
which q < 0.01 are considered significant, assuming that from the practical
point of view the appearance of events with this low probability can be
ignored (Nalimov, 1960). Probability q is called the level of significance.
The lower the level of significance, the lower the probability that the
hypothesis will be negated, when it is true; however, with decreasing level of
significance, the area of permissible values expands and the probability of
the zero hypothesis being accepted when not true increases.
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If the value of r-produced from experimental data falls in the critical
area, hypothesis Hyip = 0 should be negated with level of significance q.

For the value z, = 1.5, corresponding to a more rigid level of signif-

icance q = 1 - a = 0.1336, according to (3.4.23), we can calculate the
critical values for R*(Ti). Considering small (beginning with the third)

values of the normalized statistical correlation functions, in place of

S L R (1))

we calculate

TS i _‘,q_
~a ; j‘)"m:\x o T/,‘L’

using the upper estimate of dispersion of the statistical correlation
coefficient (3.4.19). For the state of attention (see Figure 20, 22), the
critical values are 0.135 and 0.1 respectively. The values of R*(Ti), as we

see, do not exceed the critical values and, consequently, the hypothesis of
independence of readings of random sequence Z(tk) is expected as mnoncontra-

dictory to the experimental data with level of significance 0.13. For the
state of operative rest (see Figure 19, 21), the critical values, equal to
0.12 and 0.125 respectively, are slightly increased by the second readings
R*(Ti), indicating weak correlation of neighboring readings of random sequence
Z(tk).

For the state of attention, the note indicating noncorrelation of
readings Z(tk) (see Figure 20, 22), separated by distance Tt where A = 0.1

(3.4.6), means that the experimental data do not contradict the affirmation of
absence of correlation connections between readings separated by interval T,
with sufficiently high levels of significance 0.1336 (see Figure 20) and
0.2501 (see Figure 22). For operative rest, hypothesis HO:p = 0 is also not

negated where q = 0.003 (see Figure 19) and q = 0.0674 (see Figure 21). The
practical absence of correlation dependence between readings of random
sequence Z(tk) distributed normally, which will be demonstrated below, means

that the readings are practically independent and that a sufficient
statistical characterization of the random sequence can be its univariate
distribution rule.
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§3.5. Estimate of Univariate Distribution Rule for Values of Random Sequence
of Readings of o Rhythm Integrator

It was noted earlier that the statistical characteristics based on the
usage of limited experimental material from observations are approximate
estimates of the true values of the parameters being studied. In connection
with this, it is quite important to know the degree of possible deviations of
statistical characteristics from the true values of the corresponding
probability characteristics and the probability with which the true value of
the probability characteristic will be within a given interval relative to the /55
statistical characteristic, or the interval relative to the statistical char- =~
acteristic within which, with a given probability, the true value of the
probability characteristic will be found. In order to produce confidence
probabilities or intervals, it is necessary to know the distribution of the
statistical characteristic in question.

The assumption of the form of the distribution is made on the basis of
certain theoretical ideas concerning the process being investigated which
always require later checking. Thus, in statistical analysis of new exper-
imental material, first of all the necessity arises of estimating the degree
of approximation of the experimentally observed distribution to a certain
hypothetical distribution. This empirical material, always based on a limited
number of experiments, can be matched to a set of theoretical distributions
more or less satisfactorily describing the observations.

However, in many cases the hypothesis of normal distribution is accepted.
On the one hand, this is done since at the present time the mathematical
apparatus for random processes whose values are normally distributed is most
fully developed, while on the other hand random quantities encountered in
practice do frequently follow the normal distribution rule. Therefore, in
those cases when no prior knowledge concerning the distribution of values of
random processes being investigated is available, preference is naturally
given to the normal distribution.

In order to estimate the degree of approximation of the statistical
distribution to the theoretical, the conformity criterion is used, the most
common of which is the Pearson criterion (x? criterion) (Kramer, 1948) or the
Kolmogorov-Smirnov criterion. The usage of the Kolmogorov! criterion
is distinguished by its simplicity, although it is applicable in the case when
the hypothetical distribution is fully known from theoretical considerations,
i.e. when we know not only the form of the distribution function, but all of
the parameters which it includes. The measure of the divergence of

' Thé>Koimbgbl
rov criterion compares empirical and supposed theoretical integral distribu-
tions. The Smirnov criterion compares two empirical integral distributions

{(van der Waarden, 1960).
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statistical and theoretical integral distributions used is the greatest value
of absolute magnitude of difference Dq of the statistical and theoretical

integral distribution functions:
T (3.5.1)
where X > 0 is the argument of the Kolmogorov function; n is the number of

observed values of random quantity X.

The experimental value D of quantity Dq is determined by the formula
D o= max [ FE(x) — I ()], (3.5.2)
where F*(x) is the statistical integral distribution function, F(x) is the

theoretical integral distribution function.

With sufficiently large n, the following approximate relationship is
correct:

PAD < Dy = K () (3.5.3)
or

PADY R Ry =K (), (3.5.4)

where K(A) is the Kolmogorov distribution function, which is the limit
distribution of random quantity Dvn as n -+ .

The values of the Kolmogorov function are presented in the tables (Arley
and Bukh, 1951; Gnedenko, 1961; Gnedenko, Belyayev, Solov'yev, 1965).

If we fix the level of significance q = P{D > Dq}, from the conditions of

the problem being solved with respect to K(A) = 1 - q, we determine the value
of \. If it is found as a result of experimentation that Dvn < A, this
indicates conformity of the statistical distribution to the theoretical
distribution.

When the Kolmogorov criterion is used, it is assumed that the theoret-

ical function F(x) is continuous, while the statistical function F*(x) is
constructed using nongrouped data. In practical applications, for reasons of
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simplicity of calculations, we must use an approximation grouping values of
the random quantity into short intervals. The grouping of data, as well as
the absence of information on parameters of theoretical .distribution F(x)
before experimentation when this criterion is used frequently lead to overly
high conformity (Nalimov, 1960). In some works (Kutay, Kordonskiy, 1958,
etc.) it is suggested, on the basis of practical experience, that the
divergence between statistical and theoretical distributions be considered
insignificant where q = 0.6 if the parameters of the theoretical distribution
are not known in advance. Ya. B. Shor (1962) allows good agreement of
functions F*(x) and F(x) where q > 0.3-0.4.

The x% criterion is more cumbersome, but allows determination of
parameters of theoretical distribution F(x) using experimental data. The
number of parameters used for the theoretical distribution in the x2 criterion
is considered by introduction of a correction in the form of a corresponding
decrease in the number of degrees of freedom of the x2 distribution in order
to avoid an elevated estimate of conformity. As the measure of permissible
divergence between statistical and theoretical distribution rules, a value of /57
x% is used, the experimental value of which x2 is determined by the formula T

! \
n, ==— e
R
D (3.5.5)
¢ 1

where 7 is the number of positions into which all experimental values of
quantity X are divided; n is the number of observed values of random quantity
X; m, is the number of values of random quantity X in the i-th position; p; is

the probability that X will strike the interval of the i-th position,
calculated for the theoretical distribution.

As n » », distribution xZ2, regardless of the distribution of random
quantity X, approaches the x2 distribution with k = Z - r - 1 degrees of
freedom, where r is the number of parameters of the theoretical distribution
calculated from the experimental data.

For a fixed level of significance q and k degrees of freedom, using the
tables of values of probability P{xZ > xé} (Smirnov, Dunin-Barkovskiy, 1959;
Nalimov, 1960; Gnedenko, 1961) we can find Xé. If the value of ¥2 calculated
using formula (3.5.5) is less than Xé, the divergence of experimental data
from the hypothetical assumption concerning the distribution is not essential.

The Pearson criterion must be used with some caution, since it is based
not on a strict rule, but on an approximation, which can be used only in the

case when the number of positions is not less than five and when for all
positions the condition np. = 5-10 is fulfilled. Positions with np, < 5-10

should be joined together. In testing the hypothesis of normality, it is
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desirable that the number of observations be no less than 50 (Nalimov, 1960;
Smirnov, Dunin-Barkovskiy, 1959).

Due to the absence of information on parameters of the theoretical
distribution for random sequence Z(tk), the %2 criterion was used to estimate

values of the statistical distribution. The results of the estimates showed
that the data produced for various persons both in state R and in state A
did not contradict the hypothesis of the distribution of the values of Z(tk)

according to the normal rule with level of significance q < 0.01.

§3.6. The Problem of the Normal Distribution of a Random Sequence of Readings
of the a Rhythm Indicator

The o rhythm, converted into Z(tk), is a complex oscillation of '"'sine-

wave' form with frequency f, about 10 oscillations per second (Kozhevnikov,

0
Meshcherskiy, 1963),,the amplitude of which is modulated by oscillations /58
fluctuating in amplitude and frequency (Figure 23, 24). On the average, the
frequency of the modulating oscillation is several times less than fO' The

spectral band width of the detected o rhythm is approximately

Af

To

where T is the correlation time for the o rhythm. Where Ty = (0.5-1) sec,

~ (1-2) Hz.

_‘sec _

A s ot

Figure 23

Figures 25 and 26 show the smoothed spectral estimates FT(f) of the o

rhythm (see §4.1) for the state of rest and the state of attention of the test
subject respectively, calculated from realizations of the o rhythm (see

Figure 23, 24) 17 sec in duration with a maximum shift of the correlation
function of 5 sec. We can see from these graphs (Figures 25, 26) that the
greatest values of spectral density of the a rhythm, corresponding to the
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condition FT(f) > 1/2 max FT(f), is concentrated in the frequency band Af,
which is 1.5-2.0 Hz in width.

The pass band of the integrating device Z is AF =~ 0.5/T, where T is the
integration time (§4.2). Where T = 10 sec, AF ~ 0.05 Hz.

s
'sec |
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Figure 24
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]
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N O P o
g ‘a “rHz
Figure 25 Figure 26

We know that in those cases when the frequency band of the process at the /59
input of the linear system is much broader than the pass band of the system,
the process at the output always has a tendency to normalization, i.e. its
distribution function rather closely approximates the normal rule (Levin,

1966). In other words, for normalization of the process the condition
Af/AF > 1 must be fulfilled. We have Af/AF = (1-2)/0.05 = 20-40.

These considerations increase the correctness of statistical conclusions
of the normal distribution of random sequences of readings of the o rhythm
integrator.

§3.7. Estimate of Signal Characteristics of Attention
In analysis of statistical normalized correlation functions, we noted

some difference of these functions with various states of the operator;
therefore, it seems natural to us to compare the statistical distribution
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w*l(c) during the attention state and w*z(c) during the operative rest state
in order to determine the characteristics which differ the state of attention
from the state of operative rest, if such characteristics are present in
process Z(tk).

As a zero hypothesis HO’ to be tested, we will assume that realization
z = (cl,gz,...,cm), produced during the attention state, and realization
g' = (;'1,c'2,...,c'm), in the operative rest state, are extracted from the

same set of realizations and, therefore, their distributions are identical:
oy wy (8) =2y (0). : (3.7.1)

In order to test (3.7.1), let us use the Kolmogorov-Smirnov equation
(§3.5). As applicable to this criterion, the zero hypothesis H'O will be
represented in the form HO:

Iy Fu (D) M9, (3.7.2)

where £ (L) - w(YdL, is the integral distribution rule.

{-} P a3

Using the statistical integral distributions Fg(g) and Ff(g) for ¢z and ¢!

respectively, let us determine D (3.5.2):
o m;!\'izv._w('g)-»—]":(é)i. (3.7.3)

With a level of significance q = 0.01, let us calculate for D the
critical value of Dq’ defined by formula (3.5.4), in which we substitute

mem'/(m + m') in place of n. Then

1y 1.(-,3,%/ i (3.7.4)

mea’

As our calculations have shown, hypothesis (3.7.2) cannot be accepted, /60
even with a lower level of significance, g = 0.001. For these states, the
differences in the distributions of Z(tk) can be determined completely, of

course, by direct comparison of their distribution rules. However, with the
great variety of possible deviations of one distribution from another,
considerable difficulties arise, related not so much with manifestation of the
divergences, as with comparison with the divergences determined for other
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pairs of distributions. Therefore, it is important in application to be able
to describe the distribution at least in general terms, by several simple
numerical characteristics and to go over from performance of calculations
using the distributions to operations with the numerical characteristics,
allowing considerable simplification of computational work.

The mathematical expectation m, and dispersion DZ are numerical char-

acteristics completely defining the univariate normal distribution of the
random sequence Z(tk). For the states of attention and operative rest, let us

estimate the essence of the difference of the distributions of sequence Z(tk)

using the statistical parameters m% s DE and m% s D; .
1 1 2 2

§3.8. Attention and Dispersion of Random Sequence of Readings of a Rhythm
Integrator

One of the characteristic properties of the brain is its spontaneous,
so-called background activity. The background activity, as an external
manifestation of the initial state of the nerve centers, is formed as a result
of the constant stimulation of these centers, particularly by the influx of
background afferent impulses, which is one of the leading factors in the
formation of background activity. The constant presence of ''spontaneous"
activity with various states of the living brain (sleep, waking, activity,
rest) indicates that this is a form of activity which, while constantly
remaining at a level and fluctuating about it, at the same time under normal
conditions at each given moment is always in an equilibrium state. It cannot
constantly increase or decrease since both an increase or decrease leads to
the development of a pathological state and in the final analysis is incompat-
ible with life (Livanov, 1965). In the EEG, background activity appears as
the form of randomly alternating sectors of depression and synchronization of
varying lengths. The concept of synchronization is related to high amplitude,
rhythmic electrical oscillations recorded from the surface of the cerebral
cortex, the result of synchronous activity of a considerable number of nerve
cells with identical lability and forming definite spatial systems in the /61
cerebral cortex. The broader these systems and the greater the number of _——
neurons taking part in them, the greater the territory of the cerebral cortex
from which the synchronous rhythms can be recorded and the greater the
amplitude of these rhythms (Livanov, 1960). When synchronous activity of
nerve cells is disrupted, a decrease in the amplitude of oscillations occurs,
the electroencephalogram is depressed, indicating an increase in the level of
excitation of nervous structures. These changes in the parietal-occipital
lead are expressed most strongly in oscillations in the o frequency range, the
amplitude of which usually undergoes a characteristic modulation, i.e. more or
less periodic increase and decrease with a mean frequency of 0.2-2 Hz
(Kozhevnikov, Meshcherskiy, 1963). The '"frequency'" of the modulation depends
on the functional state of the brain. Yui Vyen Chao (1964) and M. B. Mikha-
levskaya (1966) showed that the number of spontaneous depressions of the o
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rhythm depends on the probability of appearance of the signal expected. In
connection with this, with an equal distribution of signals, which was the
case in our experiments, the "frequency” of depression and, subsequently, the
a rhythm envelope, should remain relatively constant, different than that
observed in the state of operative rest. In this case, with otherwise equal
conditions, we can expect the phenomenon of stabilization of readings of the
o rhythm integrator. If the signal arriving from the detector to the input of
the integrator can be represented in the form

() == Vo 4= Visin (of '), (3.8.1)

where V_, is a constant component; V is the amplitude; ¢ is the initial phase;
w is the mean angular 'frequency' of depressions of the o rhythm envelope, at
the output of the integrator we will have a sequence of readings a(tl),...,

TR IRICRE

Loy s\ wd (3.8.2)

or where tk - tk—l = 'T - const

Vo 1=V sin (ol -+ @)} dt, ' (3.8.3)

o
—
~
N

S _ang

where T is the integration time.

Solving (3.8.3), we produce
- o1 . ¥ . T
T(ty) -V, T2 - sin (m 7F> sin <m "]f L (‘«)_ (3.8.4)

Since the "frequency" of depressions fluctuates about its relatively
constant mean value, the value of the initial phase ¢ takes on a random value
for the i-th observation interval. Also, the '"frequency'" of depressions of
the o rhythm at 0.2-2.0 Hz is not necessarily a multiple of the frequency
(1/T = 0.1 Hz) of readings of the integrator, so that interval T may not
include a whole number of ''periods' of depression. For these reasons,
fluctuations in ;(tk) will be observed due to ¢, w - var where VO = const, the

magnitude of which will be determined by the second component in expression
(3.8.4) and will reach the greatest possible value with modulus 2V/w.
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Expression (3.8.5) defines the interval of possible values of c(tk):
anak)=:L%TTj:2-%;, (3.8.5)

It is important that fluctuations of c(tk) are inversely proportional to

the "frequency'" of spontaneous depressions of the o rhythm. 1In the state of
attention, the angular frequency w should be higher than in the state of
operative rest and, consequently, lower fluctuations in readings of the a
rhythm integrator should be expected. The experimental data which we have
produced confirm these considerations.

When the two states are compared, in order to eliminate the influence of
possible changes in the value of VO on fluctuations of cm(tk), it is expedient

to compare the ratios of components which are functions of w to components
which are independent of the mean "frequency' of the depressions of the «
rhythm envelope (3.8.5). These relationships can serve as a measure of
stabilization of a rhythm integrator readings.

The decrease in statistical dispersions of the random sequence of
o rhythm indicator readings Z(tk) observed in the attention state must be

subjected to testing: 1is it significant. For this purpose, we use the
criterion of the dispersion ratio, which can be used for evaluation of the
difference of two statistical dispersions DE and DE for samples whose
2 1

elements are independent and are normally distributed with parameters
m, , Db and m, , D, respectively. In order to check the equality of

20 4 S

statistical dispersions DE and DE to the zero hypothesis HO:
2 1

Iy Dy jlg, =1,

7 DZ are the dispersions of random sequences Z(tk) respectively for
1 2
the states of attention and operative rest with the competing hypothesis Hl:

where D

oo Dy didy, > |

it is necessary to select the critical value for the ratio F = D% /DE
2 "1

According to the criterion of the dispersion ratio we select as the critical /63
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value Fq[q;(n1 - 1), (n2~— 1)], where q is a fixed level of significance;
n,, n, are sample sizes. The value Fq[q;(n1 - 1), (n2 - 1)] is selected from

the table (Smirnov, Dunin-Barkovskiy, 1959; Nalimov, 1960) on the basis of
known q,m5n,. In the case where

F>Fq [qi (111“1)1 (n‘-’x - 1)]s

the zero hypothesis is negated with level of significance 2q.

In most cases, the experimental data produced contradict the zero
hypothesis H, with a level of significance q = 0.05 concerning a random

0
decrease in dispersion of the random sequence of readings of the a rhythm
indicator for the attention state DZ in relation to DZ -- for the state of
1 2

operative rest.

For a normal random sequence Z(t the statistical characteristics

)
k 3
mé, DE are mutually independent. The fulfillment of condition DZ /DZ > 1 and

2 1
the independence of the characteristics m%, D% indicates stabilization of
readings of the o rhythm integrator, resulting from the state of attention of
the operator.

§3.9. Estimatation of the Difference in Two Statistical Mathematical
Expectations with Various Statistical Dispersions

It was demonstrated in the preceding paragraph that for the state of
operative rest and the state of attention, the random sequence of readings of
the o rhythm integrator have nonidentical dispersion (DZ # DZ ). This

2 1
inequality of dispersions DZ2 and DZ1 does not allow us to use the t criterion

which is widely used in practice, to test the essence of the difference of the
mathematical exvectations of two independent, normally distributed samplings.
The necessity of comparison of two samplings with different dispersions arises
fairly frequently, although the necessary recommendations for the performance
of such comparisons are almost not to be found in the domestic literature.

In connection with this, we will turn our attention to the problem of the
theory and techniques of performing estimates of the difference (m1 - m2) be-

tween the mathematical expectations m,, m, of two normal distributions

12 72
(ml, Dl), (m2, Dz) using the statistical characteristics m¥, DI and mE, DE of
two independent samplings with unknown distribution parameters m, Dl’ m,, D2.

The solution of the problem consists in
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establishment of rules for determination of confidence areas for m, m2 and

confidence coefficient a. In the space of parameters, each point with
coordinates m , Dl’ m,, D2 corresponds to the joint distribution ny of the

quantities Z, = {le, Zygs =evs Zlnl} and n, of the quantities Z, =

Zoys Zogs nes ZZnZ}' In the (n1 + nz)—dlmen51ona1 space of points

(205 23 = 4295 Zy5s oes Zlnl’ Zo1s tee0 Ly

=

n } we separate the set S of them /64
2

defined by the relationship

li -— 7 : -,
1§1<:ca-3iﬁ;;ﬁ-4-czlfz7%:3,<:1cm (3.9.1)
my V l)nl

where Kl’ K2, Cl’ C2 are constant numbers; D; is the statistical dispersion of
the statistical mathematical expectation m; for the i-th state; i = 1;2 (in

our case, 1 is the state of attention, 2 is the state of operative rest).

The distributions of the random quantities

x
7Ill'—-lill 1/12“7712

'——-/:::_" N l‘g =i -—V::;..“ N
) D,

iy

{l:‘

as we know, are the Student distributions with (n1 - 1), (n2 - 1) degrees of

freedom respectively:

S'nx —L»([1)1 Szi_- 1 (l‘.’)'

The random quantities tl’ t2 are independent; therefore, the joint

distribution is written as

Syt (1) Snypa (E2)- (3.9.2)

I?LI —_ Hll
Knowing the joint distribution of the quantities vaF:‘ and
m,

e, — My

e integrating (3.9.2) with respect to the area



(3.9.3)

]\.-[ < (”1 tl - (/’2 t._. << /\’.’2,

we can determine the probability that the sampling point {zl, zz} belongs to
set S:

L= \\ Sy (6) S, (L) dty dty. (3.9.4)

Let us transform (3.9.1):

*

C.m C.inn ' ' o
Rt S T 2" o< G Ca - Loy
e e T M ptEmy b = i < =
;/Dm, Vsz VDml VD7722 VD;n(
| CQm:
Ok (3.9.5)
V by,

Varying the constant quantities Cl’ C2, Kl, K2’ we can select a confid-

ence area for my and m, such that the confidence coefficient (confidence

probability) defined by (3.9.4), will be equal to the predetermined quantity /65
a. Let us assume

8 .V N . ,f'ih - - ¥ . ”
Cy o=} /)mx’ C2 = —} 1}777:’ I\1 =y iy ];‘2, K'2 ez )]];_ m:?._bly

where bl’ b, are values determining the fixed interval (bl, b2) limiting S.

2
Substituting these values into (3.9.5) and (3.9.3), we produce the confidence

area for m1 and m,:

by <Tmy — my <L

~

b,

with confidence coefficient (3.9.4), for the calculation of which, the
integration area is determined by the expression

7ni——7n;—~bg<:t1]/2i:~ tﬂ]/LZ;1<an——rn;——br (3.9.6)

From this, we can conclude the criterion of significance suggested by Barents
and Fischer (Kramer, 1948).
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Suppose 6 is an angle such that

}/Zﬁ;:;ésdnﬁ, ?(DLZ:;écose,

where

&= VD, -+ D
From the equality 1 = q for (3.9.4) extending through the area
lisinl—1iycos0>d,,

we determine the permissible value of divergence d . With fixed level

of significance q, quantity dq is a function of n,, n 0, which can be

2,
calculated if the values of the arguments are known. For the function
d = f(nl, n,, 8, q) we have the tables (Fischer, Jates, 1953). Table 2

q
presents values of dq(nl, n,, 6, q) for q( in %) = 1, 5, n, , = 6, 8,12,
24, » and 6° = 0, 15, 30, 45, 60, 75, 90. Table 3 presents values of

dq(nl, n,, 6, q) for q (in %) = 0.2, 0.5, 1, 2, 5, 10, n, =, n, = 10, 12,
15, 20, 30, 60, « and 6° = 0, 10, 20, 30, 40, 50, 60, 70,80, 90.

=1

If with a fixed level of significance q the following inequality obtains:

[mf-—m;]
d= get=lto g, (3.9.7)
my " m,

the values of mI and m§ should be considered different from each other with a

level of significance equal to q.
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8 12,447
1o 12,447
% |2.447
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2,286
2,168
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2,413
2,281
2,163
2,056
1,960

indicate decimal point
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Let us analyze an example. We have two sequences of readings of the
o rhythm integrator for the state of attention gy = {;(tl), c(tz), cees

c(ti), cees C(tn )} and for the state of operative rest T, = {C(tl), c(tz),

s
cens C(tj), cees ;(tn )} Z; contains 36 terms (nl = 36) and z, contains /67
2
51 terms (n2 = 51). The statistical mathematical expectation for Lys T, are

respectively mf = 62.6, m; = 51.6, and their dispersions are: D; = 0.32,
1

D; = 1.20:
2

Let us calculate

-, | Poo
2 e,

- T R "/"__._'. ...;..". Ry
- l)m_. 1,32 = 1,20

Using the known n, = 36, n, = 51, & = 27.5 for q (%) =1, and using

Table 2, let us find the critical value dq = d19: where n, = 24, n, = 24 and

6 = 30°, d19 = 2.759; where n; = 24, n, = 24 and 6 = 15°, d19 = 2.785; where
n, = 36, n, = 51 and 6 = 27.5°, the value of dg is less than 2.785. Thus, we

have 8.95 > 2.785.
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Commas indicate decimal points.
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According to (3.9.7), the difference between mi and m§ should be assumed

significant with a level of significance q = 0.01. The difference between

my and m3 is found to be significant also where q = 0.002.

The Respiratory System and Attention /69

The respiratory system is designed for the fulfillment of one of the
functions important to life of the organism: exchange of gases between the
organism and the external medium. Gas exchange between the atmosphere and
alveolar air occurs due to the quasi-rhythmic acts of inhalation and exhal-
ation. The "master oscillator" of the respiratory system is a nerve formation
in the medulla oblongata, called the respiratory center. The activity of the
respiratory center depends considerably on changes in the normal gas composi-
tion of the air inhaled, an increase in CO2 content causing an increase in the

amplitude of respiratory movements and pulmonary ventilation, a decrease in
the partial pressure of 02, perceived by the chemoreceptors of the carotid and

aortal zones also stimulating the respiratory center, causing a reinforcement
of respiration. However, the leading role in the regulation of respiration
belongs to the higher centers of the central nervous system, particularly
under the complex conditions of adaptive behavior of man under the conditions
of operator's activity, under conditions of the influence of various
psychological factors, etc. The influence of the higher sectors of the brain
on the bulbar respiratory center is expressed as various changes in respir-
atory rhythm, amplitude of respiratory movement, amount of pulmonary ventil-
ation, etc.

Many and various indicators are used for functional investigation of the
respiratory system; however, under the conditions of operator activity, the
most accessible are the frequency, depth and nature of breathing.

§3.10. Correlation Properties of the Sequence of Intervals of the Respiratory
Cycle

In spite of man's ability to control his respiration voluntarily, the
intervals of the respiratory cycle under conditions of operator's activity are
rather stable in time. Apparently, this results from the fact that the
controlling action of the higher sections of the central nervous system on the
adaptive respiratory reaction is significant.

In analyzing the correlation properties of the sequence of intervals of
the respiratory cycle Y(tk) = {Y(tl)...Y(tn)}, the number of terms n in
realizations y(tk) (Figure 27, 28) varied between 100 and 250. Figures 29 and
30 show the normalized statistical correlation functions R*(TS), calculated

using formula (3.4.3) for n = 375, which amounts to t = 526 sec (state of
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operative rest, Figure 29) and for n = 473 (t = 552 sec) for the state of
attention (Figure 30). The curves R*(TS) are sharply attenuated and continue

to fluctuate weakly about the abscissa, without exceeding the level A = 0.1. /71
The correlation functions R*(TS) are rather typical for most of the test

subjects where experimental conditions were held constant. Insignificant
oscillations of the normalized statistical correlation function about zero
mean that the random sequence of durations of the respiratory cycle Y(tk) over

the observation interval of up to 500 sec is rather stable. According to
(3.4.6), neighboring intervals of the respiratory cycle are practically
uncorrelated (A = 0.1); therefore, sufficient statistical characterization of
the random sequence of durations of respiratory cycles where it is normal
require only that the univariate distribution rule be known.

..

sZ'/I‘,(+2) e
g/f/uz)_—’"

Zftes,)
g/fkfl}‘“

Toss tyrg T

Figure 27

Lx-1 Ix Tices terz fres t

Figure 28

§3.11. Distribution of Random Sequence of Respiratory Cycle Intervals

Due to the absence of information on the parameters of the theoretical
distribution of the random sequence of respiratory cycle intervals Y(tk), in
order to test the agreement of experimental data with hypothesis HO, normal
distribution of values of random sequence Y(tk), the conformity criterion x2

was used (§3.5). The results of the evaluation performed show that the
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experimental data, both for the state of quiet, and for the state of operative
rest, do not contradict the zero hypothesis HO at level of significance

q < 0.01. The principal difference in the statistical univariate distribution
Y(tk) lies in the mathematical expectation My - The statistical mathematical

expectation m; of a random sequence of durations of respiratory cycles Y(tk)

for the state of attention.m; is less than for the state of operative rest
1
m; . The relative change 6m in parameter m? reaches the value 0.32:

2

we ~ T
dp=— > (3.11.1)

where my is the value of the statistical mathematical expectation of random

i
sequence Y(tk) for the i-th state.

»
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Figure 30

Figure 29

In order to estimate the importance of the difference between states of
attention and operative rest on the basis of the mathematical expectation, we
can use the Barens-Fischer criterion or the t-criterion (Student criterion),
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li

if we assume that the true values of dispersion DY s DY of random sequence
' 1 2
Y(tk) for the state of attention and for the state of operative rest are equal

(Smirnov, Dunin-Barkovskiy, 1959; Nalimov, 1960; Kramer, 1948). The
t-criterion requires calculation of the following statistics:

v/ mna(ng] £ g — 2)

== _7'7;—11Z)—,‘“ T—»;Z__,[T_ ¥ (’11‘*-‘“-_’) — (3-11.2)

IN”2 -—m

U

— 1

where n., and n, are the number of terms of the investigated sequences for the /72

1
states of attention and operative rest respectively; Dy ’ Dy are the values
1 2

of the statistical dispersions of the sequences investigated.

The hypothesis H tmy - my = 0 is assumed if the following inequality is
0%, M

fulfilled:

t<tylg; (ng + ny—2)), (3.11.3)

5 - 2}] is the critical value of the Student distribution

for the given level of significance (.

where tq[q;(n1 +n

The probability of making the false conclusion (H # HO), i.e. the
probability of rejecting hypothesis HO when it is actually true, is determined

by the expression
PAt>tg gy (g + ny — D)) = 24, (3.11.4)

The estimate of the difference (mY - my ) was performed using both
2 1
criteria (Student and Barens-Fischer). The experimental data negate hypo-

thesis H0 of the absence of differences between mY and m,, with a level of
2 1

significance q > 0.01.

§3.12. Duration of Respiratory Cycle and Effectiveness of Work

The effectiveness of the work of an operator, the success of his activity
is determined by a number of factors, the principal ones of which must be
considered natural data, the degree of training, the demands of the work and
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attention. The dependence of working ability on psychological and functional
state (§1.3) makes an estimate of the activity of the operator using quanti-
tative indicators of the work performed without considering the physiological
information which would allow us to judge the means and internal stress
required to achieve successful performance of the work unreliable.

During the course of training, the organism adapts itself to the new
conditions of operator's work, and coordinated interaction of all systems,
adequate to the work-at hand, is developed. However, the complex process of
adaptation of the organism cannot always be completed successfully, even for
elementary working conditions. M. Ye. Marshak (1961), in an investigation of
the process of establishment of correlations between the working and respir-
atory movements during the training period to a new type of muscular work,
showed that the load on the respiratory system may be inadequate to the
muscular work and may be retained for a long period of time, over 3-4 months.
Increased pulmonary ventilation is explained by the active participation of
nervous mechanisms in the regulation of respiration.

Varying ventilation of the lungs (respiratory frequency) with the same /73
effectiveness (u) of operator work was observed in a group of test subjects in
an experiment involving seeking a light signal (Chapter 2). In spite of the
rather simple assignment and extended training, continuing for several days,
we found no noticeable changes in the test subjects toward any ordering
between u and the duration of the respiratory cycle. This fact indicates the
complex and extensive adaptive restructuring of the central nervous system
which occurs during the process of adaptation of the organism to conditions of
new operator's activity.

In another group of test subjects, a rapid (within one hour) establish-
ment of correlation between effectiveness of work u and interval of the
respiratory cycle was noted. In each experiment, the estimate of effective-
ness of operator work was the value of u (Chapter 2):

o} =

N{_J_\’_l_—v_lf_‘l b= MK eg, 1 (3.12.1)

u::—‘—-i-‘s‘ Ogg'g "\ - N

where N is the total number of rings in a frame; Nl is the number of rings in

a frame (with orientation of the notch in the required direction), which the
test subject was to seek out; K is the number of rings of Nl not noticed by

the test subject; T, was the time expended by the test subject in seeking out

0
(N1 - K) rings.
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After transformation and substitution of N = 510, expression (3.12.1)
takes on the form

_ 984342807 (Y —K) [bits. ]

Ty sec (3.12.2)
Y Figure 31 shows points (ui, m_.) for
sec 1
175 test subject S. G., produced using the data
e Thsls of three experimental days. The abscissa
35 .- \?\\; shows the value of u in bits per second,
’ RN calculated using formula (3.12.2), while the
o ordinate shows the values of respiratory
297 cycle intervals My averaged over time Ty
L ; 1
e L L6 18 —EEZELEE' The tendeney to a linear dependence between
. sec - .
the value of m_ and u confirms the high
1
Figure 31 value of the statistical correlation coeffi- LZ&
cient: Tiu s -0.80.

3

2’ (m, — m) (v, —m,) (3.12.3)

7m w 14‘—“—‘ )
';//Z (m, — m)? }j (u, —m,)?
“1
where u, is the g¢ffectiveness of work in the i-th frame, determined using
formula (3.12.2):

L !
1 1 - 1
My = 7 Z Uy My == My = - — Z yi (L), m = T 2, ms;;
i=1

v o= i=1

7 is the number of frames; yi(tj) is the j-th interval of the respiratory
cycle in the i-th frame; n, is the number of intervals of the respiratory
cycle in time sector Ti; Ti is the search time in the i-th frame.
The number of frames is not great (7 = 23), so that for the true value of
correlation coefficient Pn.u> We can find the confidence interval.
3

If the value of true correlation coefficient p is other than zero (an
indication of this is nonzero value of the sampling correlation coefficient
r), the distribution of the sampling coefficient will be rather complex. With
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sufficiently large.n, this distribution can be approximated by the normal
distribution; however, for p near .*l, the approximation is reliable only with
very high values of n. 1In our case, P is rather near -1 (rm u = -0.80),

2

3
while n is small (n = 7 = 23); therefore, we should not count on normal
distribution of r in determining the confidence interval for Pou
3
Let us use a very practical transformation suggested by Fischer for
random quantity r:

1 14r B
Z=5ln T , (3.12.4)

which does not depend either on p or on n. The distribution of random
quantity Z approximates the normal distribution very well with dispersion DZ

and mathematical expectation m, practically independent of p (Dlin, 1958):

1 14
mz il Dyt (3.12.5)

Thus, the expression for the confidence interval for m will have the
form

1, 147 . 1 117 1

——1 AT T wg T T 7 —1— z
L p—— Y <"’L<21111_r + Zo Vi—23 (3.12.6)

Several values of z, are presented in the table (see pp. 36-37). With /75

probability 0.95 (za = 2) the confidence interval boundaries for m, according

to (3.12.6), have the values z = 0.65, Z, = 1.55.

Resolving (3.12.4) relative to r

e 1

e
ezz+1

and substituting the values of zy and z, into the solution produced, we can

find the confidence interval boundaries for .
3

— 0,91 < Py << —0,57.

The upper value of the confidence interval differs considerably from zero
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and, consequently, we can consider the correlation dependence between the
interval of the respiratory cycle and the effectiveness of the operator's work
established. Having information for calculation of T, 4 We can easily find

L

the direct approximate regression of the respiratory cycle interval with
respect to operator work effectiveness (Smirnov, Dunin-Barkovskiy, 1959):

I
2 (m, — m)2
M= A T (w—my)
2 (v, —m,)® (3.12.7)

=1

or

L

2 (m; — m)?

i=1 — g
M=Tmy | ——u | mr,

4 .
2 (ui - nlu)2
i={

(m; — m)e

~INg-

;= m,)? | (3.12.8)

k3

i

In our case, we have

m = —0,51u --- 4,42 (sec). (3.12.9)

Dependence (3.12.9) is illustrated on Figure 31 by the dotted line. The
knowledge of the level of regression allows us to predict values of m for
fixed values of u. Let us analyze the case when the test subject is in the
state of operative rest. In this case, the value of u is naturally assumed
equal to zero. Where u = 0, it follows from expression (3.12.9) that in the
state of operative rest the mean value of the respiratory cycle interval
should be 4.42 sec. The actual mean value of the respiratory cycle interval
for the state of operative rest was found to be 4.30 sec. The slight differ-
ence between the predicted and actual values of mean length of respiratory
cycle might indicate that dependence (3.12.9) obtains throughout all the range
of possible values of u [0 < u < 2.0], i.e. not only in the interval shown on /76
Figure 31 [1.2; 2.0] but also in the interval [0; 1.2). From this it follows
that in many cases a change in the interval of the respiratory cycle is an
effective characteristic of the functional state of man, including his state
of attention.
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§3.13. The Transient Process of the Respiratory Cycle Interval Sequence
During a Change in the Functional State of the Operator

In recent years, the attention of investigators has been attracted to the
study of physiological problems by methods from the theory of automatic
regulation. General methods in the theory of automatic regulation have been
rather completely developed only for linear systems, to which the principle of
superposition is applicable. According to the principle of superposition, any
process-in the system formed as a result of simultaneous imposition of several
actions of arbitrary form is equal to the algebraic sum of the processes
formed when each of these actions is imposed on the system individually. Due
to the principle of superposition, the linear theory of automatic regulation
allows the investigation of linear systems to be performed quite completely
and relatively simply in various areas of application. Biological systems,
generally, are nonlinear systems, to which the linear theory of automatic
regulation is not applicable, while the theory of nonlinear systems has been
insufficiently developed. However, in many cases it is possible to invest-
igate biological systems by linearization of nonlinearities. The ordinary
methods for linearization of the characteristics of a nonlinear element
consist in representing the process at the output of a nonlinear element
within the limits of the actually possible cations on the input in the form of
a linear function of the actions. As applicable to a biological system
described by nonlinear characteristic y = f(x), representing the reaction y of
the system to a stimulus of magnitude x, it can be assumed that the dependence
y = £(x) is linearized if in the range of values of stimulant x investigated
the change in reaction y of the system can be approximately represented by a
linear function of x, i.e.

= [ (z) =~ ax + b, (3.13.1)

where a and b are constant quantities. The values of constant quantities a
and b are determined both by the characteristics of f£(x) and by the range of
change of stimulus x. Fulfillment of condition (3.13.1) allows the linear
theory of automatic regulation to be used for investigation of biological
systems.

The behavior of a linear system, its properties can be characterized in
various ways: by differential equations, the amplitude-frequency or transient /77
characteristics. The differential equation reflects the dependence of o
reaction y of the system to magnitude x of the stimulus, on the rate of change
(dx/dt) in stimulus x, on the variation in rate dx/dt, etc. The transient
characteristic of the system, as the reaction to the system to a sudden change
in stimulus x (3.13.2), reveals the dynamic properties of the system:
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where tO is the moment of the sudden change in value of the stimulus.

The same properties of the system, expressed in the frequency 'language"
in contrast to the time '"language'" of the transient characteristic, are
represented by the amplitude-frequency characteristic.

A knowledge of the transient characteristic and the possibility of
application of the method of superposition for a linear system allows us to
determine the reaction of the system to a stimulus of any form. All three
characteristics are interrelated, and if it is identically difficult to
produce the necessary information for composition of them, preference is given
to one or another depending on the method of analysis being used. In the
investigation of biological systems, when information orn the structure of the
system and the processes which occur within it are quite limited, and the
methods of experimental analysis used in technology can bc used only
partially, the description of the biological system directly by a differential
equation, or by the amplitude-frequency characteristic, encounters consider-
able difficulties. One of the most usable methods for representing informa-
tion concerning the dynamic properties of a biological system is the
experimental determination of its transient characteristic.

In our experiments, the signal (stimulus) x(t) was the operator's work,
requiring constant attention from the test subject. As the reaction of the
operator to x(t), we used the variations in duration of the respiratory cycle.
The magnitude of the respiratory systems reaction to the operator work
depends on the level of attention of the test subject on the work being
performed (83.12; 3.14), so that in individual experiments, a difference in
level of attention was possible, which was difficult to test quantitatively,
but could lead to certain differences in the transient characteristics as
concerns absolute values. However, an approximate composition of a diagram of
the functional analog of the respiratory system requires only that an idea be
known concerning the form of the transient characteristic, without ‘requiring
that absolute values of the transient process be known. For each individual,
as his state changed, the form of transient characteristic remained near
constant. Upon transition from the state of operative rest to the
state of attention, the nature of the transient process can be considered
identical for various test subjects.

Figures 32 and 33 show two sets of transient characteristics for test
subjects S. G. and N. K. upon transition from the state of operative rest to
the state of attention; the heavy line shows the transient characteristic
T*(t) averaged for the entire set; the lower dotted line shows values of the
mean square deviation ST(t) of individual intervals of the respiratory cycle

from T*(t), and the arrow shows the probable béginning of the change of the
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subject's state. With an unlimited increase in terms, the set of averaged
transient characteristics will be a more detailed description of the transient
process, approaching the true transient characteristic T(t). Precise
expressions describing absolutely all the specifics of the true transient
characteristic require complex analytic expressions and in many cases the
usage of special functions. Usually, in experimental and theoretical analyses
of transient processes, ignoring certain nonessential details of the transient
process being investigated, cumbersome precise expressions for T(t) are
avoided, being replaced by the approximate expressions for H(t). Attempts are
made to make the functions describing the transient characteristics as simple
as possible, so that their parameters can be easily determined.

Tsec

5,[1[—

Figure 32

The transient characteristics presented are reminiscent of transient
process (3.31.3) in an electrical circuit (Figure 34) with weakly expressed
oscillation conditions and predominance of integrating properties:

H(@) =K {1+ at) e, (3.13.3)

where

R —
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Figure 33

For test subject N. K., the transition from the state of attention to the
state of operative rest is accompanied by a transient process (Figure 35)
similar to that of an LRC-system (see Figure 34) with the transient character- /80
istic

()= K1 — (1 + o) e, (3.13.4)

Due to the varying adaptation properties of the test subject, the transition
from the state of attention to the state of operative rest does not always
have the form of (3.13.4).

If we replace the system responsible for the regulation of the duration
of the respiratory cycle with its equivalent, determined on the basis of
similarity of their transient processes, in our analysis, the oscillation in
the transient characteristic (Figure 36) indicates that the transition
from the state of attention to the state of operative rest involves a change
in the relationships of the values of the LRC-system elements. The LRC system
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has an oscillating transient characteristic where R < 2/L/C:

() =KI[1 — de=2t cos (wt — ). (3.13.5)
In order to determine the parameters of function /81
I L (3.13.5), approximating the transient character-

istic (see Figure 36), let us use the value of the
; experimental characteristic T*(t), located in the

interval

[+ VD) Oy, + VD007,

Figure 34
where linear dependence is observed between the
duration of the respiratory cycle and the effect-
iveness of work, related to the attention of the test subject (§3.12). After
substituting the values for parameters produced into expression (3.13.5), we

produce

iy () == 0,74 {1—0,902 %0 cos (0,22¢ -1- 0,43)]. (3.13.6)

The significant excess in the positive fluctuations in the experimental
transient characteristic over the negative fluctuations relative to m_ allows
2

us to assume the presence of nonlinearities in the system. The nonlinear
transformation, of the form

Y= 2,4° (3.13.7)

in expression (3.13.6) gives rather satisfactory correspondence of Hl(t) /82

(shown by dotted line on Figure 37):

Hy () == 2,4 [Hy (O} ? (3.13.8)

with the experimental curve T*(t) -- the continuous line (on Figure 37).
Thus, the respiratory system analyzed can be represented (Figure 38) as
consisting of a linear portion LRC and a nonlinear portion with characteristic

(3.13.7).

70



Tsec

5o}

40k

3015 sec

G4

)1 ) J [ | 1 . 1
260 270 280 290 H}UU 30 320  330tsec

Figure 35

For some test subjects, the change of states causes no essential changes
in the character of respiratory frequency, and the following condition is
fulfilled for the equivalent circuit of the respiratory system:

1 9 g/ . (3.13.9)

In this case, the change in intervals of the respiratory cycle occurs within
limits such that the '"working" sector of the nonlinear characteristic can be
considered approximately linear (3.13.1).

For other test subjects, the removal of the controlling action of the
higher centers of the brain on the respiratory system resulting from operat-
or's work causes compensatory respiratory activity, and we must change
condition (3.13.9) for the equivalent circuit to the respiratory system:

91/ L
Ry (3.13.10)

71



Also, the range of change of durations of respiratory cycles becomes such that
the "working" sector of the characteristic of the equivalent circuit to the
respiratory system is essentially nonlinear.
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Figure 36

A knowledge of transient characteristics supplements our information on /83
the stable modes of the respiratory system in the states of attention and T
operative rest in man and makes our concept of the sequence of intervals of
the respiratory cycle as a discrete random process more complete.

§3.14, Correlation Properties of Sequence of Intervals of Inhalation Phase

Earlier (§3.2), we turned our attention to the significance of the phase
of the oscillating process as a parameter of the physiological system. In
comparison with the interval of the cycle, the duration of a phase is a more
precise physiological characteristic, reflecting the activity of some single
structure of the physiological system within the limits of one cycle in the
formation of the oscillating process. Thus, during respiration, the rising
phase is related to the work of the inspirator sector of the respiratory
center, the neurons of which operate by rhythmic discharges, synchronous with
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rse the inhalation phase; the falling phase,
o the exhalation phase, seize activity of the
neurons of the expirator segment of the
respiratory center. Relationships of
reciprocity are frequently observed between
structures in the organism; in particular,
the inspirator and expirator segments of
the respiratory center show relationships
of reciprocal innervation, the essence of
which is that excitation of one segment
causes inhibition of the other and vice
versa, within certain limits. Modern
concepts of the integrity of the nervous

O system have expanded the concept of the
30 fa e 30 4,60 tsec respiratory center by the inclusion of
cellular accumulations in the area of the
Figure 37 pons Varolii, the diencephalon and (in the

case of conditioned reflex reactions) the

cerebral cortex, which has allowed a
clarification and more detailed representation of the process of formation of
the respiratory cycle. The rhythmic activity of the respiratory center is
constantly influenced by various random factors; therefore, like the intervals
of the respiratory cycle, the duration of the inhalation phase undergoes
random changes, due to which successive intervals of the inhalation phase can
be represented in the form of a sequence of random quantities: X(tk) =

{X(tl), X(tz), v X(tn)}. Figures 27 and 28 show models of the recordings
of an electropneumogram respectively for the state of operative rest and the
state of attention, with the terms x(tk), x(tk+1), ... marking the sequence of

intervals of the inhalation phase. On time axis t, the symbols tk—l’ tk’
tk+1’ ... show the moments of completion of inhalation, where k is the current

inhalation number.

Statistical analysis of random sequence
X(tk) was begun by analyzing its correlation
properties. As for the intervals of the respir-
o Non= atory cycle; the statistical normalized
F_T LRC J—_“{lhmar_}-ﬂ correlation functions of the sequence of
S intervals of the inhalation phase were calcul-
ated using formula (3.4.3) for a rather large /84

Figure 38 number of readings, n = 100-250. The statist-
ical normalized correlation functions R*(Ts) for

the random sequence of durations of the inhalation phase X(tk) rapidly
attenuate, like the analogous characteristics for the respirdtory cycle
intervals Y(tk) and differ little from them.
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As an example for the identical test subject state, we show on Figure 39
the statistical normalized correlation functions R*(TS) for a sequence of

respiration cycle intervals y(tk), while Figure 40 shows the same for a
sequence of inhalation phase intervals x(tk). However, in some cases the
statistical normalized correlation functions R*(TS) for x(tk) are more

informative than R*(TS) for y(tk).
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Figure 4l Figure 42

Figures 41 and 42 show R*(TS) for y(tk) and x(tk) respectively. If the

final sector (TS/At > 10) of characteristic R*(Ts) still indicates the
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presence of an oscillating component in sequence y(tk), the same thing cannot
be said on the basis of R*(Ts) in the interval 0 < TS/At < 10.

Turning to Figure 42 we can speak with assurance of the presence of an
oscillating component in x(tk). The similarity of the oscillating frequency
R*(Ts) for x(tk) and the oscillating frequency of the tail portion of
characteristic R*(Ts) for y(tk) indicates that there might be a common factor
for y(tk) and x(tk) causing the oscillating nature of the statistical normal-
ized correlation functions R*(TS) (see Figure 41, 42). The calculated value
of mean oscillating period R*(TS), near 10 sec, corresponds to period TC of
the synchronizing pulses in the problem of control of an electron beam

(Figure 2).

Analyzing sequential sectors of a
pneumogran (tl, tz), (tz, t3), e (tll, t12)

A on Figure 43, each sector being equal to
;f{x\\\df\\yz/f\f‘{f\Fzz,L TC = 10 sec and displaced by TC/2 relative to
A 2

P\\4/A\\\/ﬂ\»_//\\\//‘t the synchronizing pulses, we can note a sharp
P B T transition from short intervals of inhalation
:}\v/a\\v/”\\,,\~/f\\\,{ phase charagteristic for the state of atten-

Ly L o LT tion (see Figure 28) to longer intervals,
/ﬁ\\y/ﬁ\\J/\\‘w//\\\//‘ characteristic for the state of operative rest
} ¢ . . . .
A o (see Figure 27} in the middle portion of the

M\\J/\\\//\\\ //\\\/”\; sectors. The increase in the third intervals

of the inhalation phase in sectors (tl, tz),
—— . - .. t (tg, t4)’ (ts, t6)’ (t6, t7)’(t9, tlo)’
7 . .
f/f\\\/ﬁ\»//\\fsz\trf_ (tlo, tll) and the third intervals of the
75 respiratory cycle in sectors (t,, t.),
» (tS’ t4), (t4, tS). If we consider that the
5\_(m\$d/\>_~/ﬁ§\d/\t third intervals of the respiratory cycle and

the inhalation phases correspond to the end of

5
| Lo
\ﬂ%//\\\/n\v///\\m//\\~f control by the electron beam in the given

o~
S,

mJ,/\\" o ‘"“\Q; stage and the transition to the next control
e \j/f\\\/f>?\/f§\/<;jﬂ stage, separated by a short pause in the work,
Gipl L i.e. with short-term onset of the state of
Poiie operative rest, characterized, in all probab-

ility, by a decrease in the level of atten-
tion, a relationship between the state of
attention and the intervals of the inhalation
phase and respiratory cycle seems quite
likely.

Figure 43
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§3.15. Estimation of Univariate Distribution of Inhalation Phase Intervals

For a weakly correlated random sequence of inhalation phase intervals,
usually normally distributed, the univariate distribution of inhalation phase
durations provides a rather complete characterization of X(tk). For many

‘'sequences of inhalation phase intervals, the statistical homogeneous distribu-
tions differ essentially from the normal distribution. For distributions
other than the Gaussian distribution, the possibility exists of approximate
analytic representation using the normal distribution, its derivatives and
coefficients of asymmetry and excess. In order to determine deviations of the
distribution from the normal or, more precisely, to test the hypothesis Yy = 0

and Yy = 3, let us use the tables of approximate values, which are the

percentage points of the Pearson distribution in which the first four moments
correspond to the corresponding moments of the distributions yf and YE- The

values of Yq and Y, are coefficients of asymmetry and excess respectively,
while y{ and y§ are the statistical coefficients of asymmetry and excess,
respectively. Assuming the values X(tk) of the terms of random sequence X(tk)

mutually independent and identically normally distributed with unknown
mathematical expectation and dispersion, let us calculate the statistical
characteristics as estimates for Yy and Yol

1, = 2 [ (E)) — my

n( Vz)xr

T L — N
T'Z nD\’ 72] L I) \.] [

where

k13 n
1 . [ :
My = }:2 () Dy )\Zl L (t) ~— ]2,

Primarily, the values of Yi and yE do not go beyond the 5% (1%) critical

boundaries which correspond to the 10% (2%) summary level of significance for
each criterion, and the hypotheses Yy = 0, Yy = 3 are not negated. In some

experiments in which results were produced which contradict this hypothesis,
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individual values of the statistical coefficient of asymmetry reached 0.7-0.8,
for the statistical coefficient of excess -- 1.5-2.0.

With a probabilistic investigation of random processes, the normal
distribution occupies a particular position. This is explained by the fact /87
that the solution of a number of problems is simplified to a considerable
extent when it is possible to consider the distribution rules for the random
quantities investigated normal. In connection with this, there is consider-
able interest in a representation of the distribution rule w(x) for normalized
random quantity X (other than the Gaussian rule) in the form of a series based
on the normal distribution, the coefficients of which are defined through the
numerical coefficients of random quantity . One such expansion is the
asymptotic expansion into an Edgeworth series:

) = @) g B () g (B e ) —

1

— (5 —10 “’)W()Jr (S g )

35 L3 l . .
= lc‘Z <’l5'.f- - 3) () — (3.15.1)
3.15.1

where

1 -
() .- 17?: e 2

’

My is the central moment of k-th order of random quantity Z; o = Vuz; x is the
value of random quantity X = (% - m)/o; m is the mathematical expectation of
random quantity =.

Series (3.15.1) converges to w(x) at each point of continuity of function
w(x) if the integral

o At

§ e w (r)dnr

— 0.

converges and the function w(x) has limited variation over (-«, =) (Kramer,
1948). Fulfillment of the conditions of convergence of series (3.15.1) to
w(x) allows us to estimate the deviation of w(x) from the Gaussian rule.
However, in practical applications in most cases we are interested not in the
convergence of the expansion, but in rather good approximation to w(x) when
two or three components are used. Limiting ourselves to the first three
components in series (3.15.1), we produce an approximate description of the
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distribution rule w(x) in the form

w(r) = @ (x) — ~31!_ . llé'— o) (z) 4 '4% (i’_ o 3> ¢ ()

s Gy

or, introducing the coefficient of asymmetry and the coefficient of excess
using the formulas

s 1y o

TL= G Te= g (3.15.2)

in the form

w(r) = @ («) - —1‘84[/“) () - 7(/_ @' (), (3.15.3) /88

-t

where

x(tk) are the values of random process X(tk) at moment in time tk or (for an

ergodic process) independent readings on the basis of one of its realizations
x(tk); m and ¢ are the mathematical expectation and dispersion of random

sequence X(tk).
Using the example with the Reyleigh distribution (3.15.4), let us see how

good the approximation of (3.15.3) to the normal rule is:

¢ o (3.15.4)

where a is the parameter of the Reyleigh distribution.

First, using expression (3.15.3), let us estimate the deviation A of the
approximate Reyleigh distribution w(x) from the Gaussian distribution ¢(x):

~
U

A =w (I) - (.’l') =7 - %— qf(q‘) ('I) —{ - —.;2 - (])r'l) (T')

24

(3.15.5)
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Then, let us calculate the precise deviation AT of (3.15.6) and, comparing it
with A, determine the magnitude of the divergence between the precise wp(x)

{3.15.10) and approximate (3.15.3) descriptions of the Reyleigh law:
AT = wy (@) -9 (2), (3.15.6)

whezre wp(x) is the normalized Reyleigh distribution.

As we know, the relationship of the distribution rule wz(c) of random
quantity Z to the distribution wx(x) of the normalized random quantity

X=(Z - mZ)/oZ is expressed by the formula
Wy (o) = Ogwy (My - - Gye), (3.15.7)

where m, and 0% are the mathematical expectation and dispersion of random

quantity Z. According to (3.15.7), for the Reyleigh distribution we have

- ,,.) -— ~l—z— (m--suy?
rp(r) 8 e B (3.15.8)
where m, ¢ are the mathematical expectation and dispersion of quantity Z with
distribution (3.15.4) respectively, determined by the expressions /89
;- ’/-,:I . 5 l‘,;l‘/z - ‘1_\“ (3.15.9)
” ¢ E . . E

Substituting (3.15.9) into (3.15.8), we produce

%} (3.15.10)
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Going over to an estimate of deviation A, we note that it can be gener-
ally performed at any! point (x). For example, it is quite convenient to
perform comparison of the ordinates of two normalized distributions at points
corresponding to their mathematical expectations. This can be easily seen,
using expression (3.15.5), after first transforming it using the following

relationship:

¢ (@) = (=1 I () ¢ (), (3.15.11)

where Hn(x) is the n-th power Chebyshev-Hermith polynomial. The Chebyshev-
Hermith polynomials Hn(x) forn = 0,1,2,3,4,5,6 have the following values:

B (o) =1;
H; (o) = x;
H, (z) == 2* — 1
a7 === __;3 — 8. :
Hj () L T .

1.9

I{4 (7) =zt — Ga* - Oy
Hy (2) = z° - 10«7 - 1523
) =

He (@) = 2t — 15z -1 452% — 15.

After transformation of (3.15.5), we have

Afe) = [T =30 o

(‘7:5-—‘61:'3 + S)J ¢ (z). (3.15.13)

i

The point of interest to us is x = 0. Where x = 0

A (0) == Jsifp (0). (3.15.14)

Incidentally, Charlier used the quantity A(0)/¢(0) = Y2/8 as the excess

characteristic for w(x} relative to ¢(x).

TWe will return to the problem of estimating two functions in the next
paragraph.
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For the Reyleigh distribution (3.15.4), the coefficients of asymmetry
Y1 and excess Y, are equal to

) (_’fi ’1) /;t}_‘_; == 0,631;

- ' (3.15.15)

Substituting the value Y, into (3.15.14), we get

245 i

)
A(U)::‘% e

A(0), distinguished by its simplicity of calculation, however, cannot satisfy
the frequent requirement for estimation of the maximum deviation AL of the
investigated distribution from the normal. Well known methods of analysis
(3.15.13) indicate X = -0.64, corresponding to Am. We note that Kramer
(1948) indicated the approximate value of Xq = —Y1/2 (Charlier asymmetry

characteristic).
Thus, A = A(-0.64) = 0.059.
As we see, A(0) may be quite different from Am, by several times.

Let us now calculate the precise value of the maximum deviation Ai, for
which we substitute (3.15.10) and the expression ¢(x) from (3.15.1) into
(3.15.6). From the condition dAT/dx = 0, we find the stable point x = -1.04,

at which AT has its maximum:
AT (—1,04) .. AT =- 0,085,

In the example with the Reyleigh distribution, we see that the point of the

extreme x, = -0.64 is closer to the maximum point‘AT, than is the value of x
determineg from the condition —y1/2 = -0.631/2. However, the relative error §
L ar—a
0 = M-qu——viOO (3.15.16)

m

is also less: for A(-0.64) it is 31%, for A(-0.631/2) it is 46%. Thus, the
error resulting from replacement of infinite series (3.15.1) with its first
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three terms increases by one and one-half times solely due to the fact that
the maximum point A is determined approximately from the condition Xy = —y1/2.

In order to eliminate this sensible increase in the error in determining the
maximum deviation of the distribution being investigated from the normal

deviation (3.15.5), the necessity arises of seeking the precise value of the /91
point of the extreme corresponding to Am’ which can be easily found using the

graphs presented in the next paragraph.

In case of an impossibly high value of Am’ it can be reduced if we look
upon w(x) as the distribution of a sum of independent normalized random
quantities.

According to the central limit theorem from probability theory, the
distribution wn(x) of the normalized sum of independent random quantities

X1’X2""’X , with identical, continuous distribution with increasing
a'mber of components n, approaches the normal

Vo, (0) s q(r) -+ om0 -

n-rz0 ¥ o2

or

In other words, the deviation A = wn(x) - ¢ (x) approaches zero with increasing
n.

For wn(x), the following expansion into a series is correct:

) o I P o1
0 (£) = @ () =g+ T () T ) —

n'

1 T (3.15.17)
o () e O () U

I

where Ak = Kk/Ok; 02 is the dispersion of the random quantities being added;
k, is the cumulant of the k-th order of distribution of independent random

k
quantities being added.
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Kramer (1948) showed that under rather general conditions, series
(3.15.17) is an asymptotic expansion of wn(x) with respect to powers of n_l/2
with a residual term on the order of the first discarded term. Omitting terms

of order-n—s/2 and higher from series (3.15.17) and considering (3.15.2) and
the formulas for third and fourth order cumulants:

2
Ry == Jy; Wy = [y — SHa,

expression (3.15.17) can be brought to the form

0
To

Lo . T . : . | .
Wy () = @ () ;;l:lr-"-— G b §V ) e (), (3.15.18)

As we can see, the expression for wn(x) depends both on the parameters of
the distribution of the random quantities being added, and on the size of the
sample (n).

Thus, difference (3.15.5) /92

. o,
) () (3.15.19)

24n

A L(t') — (1) PR b_'%,;; (lrzl) (1) I- -

for each value of argument x can serve as a measure of the deviation of the
normalized distribution wn(x) of the sum of random quantities from the normal-

ized normal rule ¢(x).

§3.16. Measurement of Maximum Absolute Deviation of Distribution from Normal
Distribution As a Function of Sample Size

There are various methods for estimating the two functions fl(x) and
fz(x). In some cases, the degree of approximation is estimated over the

entire interval [a, b] by calculating the mean square deviation:

- T ’ h -
A / e S ()

In other cases, when fl(x), fz(x) are the discrete functions ¢1(xi), ¢2(xi) or
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when the functions are fixed by a graph or table, the degree of approximation
is estimated by calculating the mean square deviation not over the entire
interval [a, b], but only at individual points

A= 1/ LS ) - (ale

i==1

If the mean square deviation is slight, then for the "overwhelming
majority" of values of the argument the absolute value of |A| is also small
for the selected interval of x.

A more rigid criterion for evaluation of the degree of approximation is

A, = max|A}<Ay; (3.16.1)
a<r< 0.

Criterion (3.16.1) requires that the absolute deviation IAI =
= ]fl(x) - fz(x)l in the interval [a, b] not be greater than the permissible

quantity AO. Quantity A, can be looked upon as a top estimate of A, and is

generally simpler than the estimates A, A.

Using expression (3.15.19), we can find estimate A of approximation wn(x)

to ¢(x), omitting the last component and expressing the derivatives of the
normal distribution through the Chebyshev-Hermith polynomials Hk(x): /93

At

¢ A PN o 1
A = ¢ E [(“;‘— ()= fl_ 7, () J . (3.16.2)

}f 93 n

The curves described by expression (3.16.2) where Yy < 0 and Yo < 0,
where Yy < 0 and Yy > 0, where Yy > 0 and Yoy < 0 form figures together

with the abscissa; in the general case these figures are symmetrical to the
figure where Yy > 0 and Y, > 0. Therefore, in the following the coefficients

of asymmetry and excess will always be assumed positive.
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In order to determine Am, let us analyze function y(x), related to A by

the relationship
. v
'\l? (.’IT) = ()‘—Tl—‘ i\. (3.16.3)

Let us find the stable points of the function

'j —— . . 0 . . .
@) wr mmem e F (8 ) = G )] (3.16.4)
V 2x
where
S
2
From the condition d¢y/dx = 0, considering e x/2 # 0 where -= < X < =, we
have

pa® - 2t — 10w - 6a? - 1hus - 3 = 0. (3.16.5)

This equation in the general case cannot be solved in the radicals;
however, we can see from the equation that the stable points ¥ (x) depend on
parameter p. In order to find the boundaries of the areas of existence of
extreme values of y(x) as the parameter p is changed from zero to infinity,
let us determine the roots of equation (3.16.5) for w = 0 and p = ». In the
first case, we have four roots:

v+ V3LV,
in the second case (u = «).-- five roots:
G =2 V5L Y10 and sy, ==

The maximums of modulus ¢ (x) with increasing argument decrease due to the

%2
factor e X /2, therefore we will eliminate the roots high in absolute value
from our analysis. The modulo maximum values of Y(x) should be expected at
those places where first one component wl(x), then the other wz(x, )
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predominate in the increment of y(x). These areas are: V 3--¥(<a<<0 and /94

Figure 44).
173 — ]/()\,4,< ) ;/ 10 (Figu )
For an approximate solution of
equation (3.16.5), let us transform
W, (@), e p) it to a form convenient for
PN solution by a graphic method:
/// \\ 04 .zz
// \"\ w &:/U} V;e KE ﬁ‘z‘ 43} (.lf?‘ — 3)2 _— G = /”; ('2714 3) . (3 16 6)
// /\\ —2}\ PN -t _FL—
! S : / 42425
— l/l i N l/ii——,/_‘
- \\§{ f// oL \< /,57 ol The solutions of equation
S~— N \ \~%/ - (3.16.6) for various values of
\ / parameter u are presented on
\ / Figures 45 and 46 for negative x in
\ / Tz the area V'hm; b/ﬂ;\\O
\\//%Aﬂzvéﬁ 2[p™-3z) and for DOSlthQ_}Aylthln the limit
}/lj__ V(’<i (/1 OA__]/’G respect-
ively.
Figure L4

In modulus, the negative roots
x_ of equation (3.15.6) are less
than the positive roots x and, consequently, as was already noted, we should

expect

LR > ()]

Actually, for example where u = 0.5 we have: x = -0.34, x, = 1.07 and
v(-0.34) = 0.806, y(1.07) = -0.736,

[ (- 0,34) | > | (1,07) | .

Thus, —V 2— V6<<x< 0 is the area of existence of the maxima of
function y(x) for various values of parameter u.

From the solution (see Figure 45) of equation (3.16.6), we can see that /95
the roots x = f(u) of the equation are dependent on parameter u (Figure 47); =
otherwise, the position of the maxima of function y(x) do not remain fixed,
but are displaced in the direction of smaller values (x ) with an increase in
parameter p, while the values of the maxima Y(£f(u)) of function $(x) increase.

The function ¢ (f(u)) establishes the dependence between large deviations of
the distribution from the normal and generalized parameter u.
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For a clearer idea of the results
produced, let us analyze generalized
parameter p, representing it in the
form of a function of sample size n
with fixed relationships between
excess and coefficient of asymmetry
and at the ‘same time go over from
supplementary function y(x) to the /96
function Am/yl, dividing ¢(£f(u)) by

6/n. On Figure 48, the dotted line
Figure 45 shows the dependence Am/y1 where

n =1, i.e. the dependence of the
maximum absolute deviation of the
distribution from the normal as a function of the ratio of excess to asymmetry
coefficient, for which the scale on the abscissa is divided by 4, since
YZ/Yl = 4y, The solid lines on the upper portion of Figure 48 show the

functions Am/y1 for various values of Y2/Y1’ showing the change in Am/y1 as a

function of n with fixed ratios of Y, and Yq-

For sequences X(tk) with a distribution rule having Yy = 0.7, Y, = 1.4,
let us determine the maximum deviation Am where n = 1. For this, we calculate
the ratio yz/yl = 1.4/0.7 = 2 and, using yz/y1 = 2, n =1, and the lower graph
of Figure 48, we find u = 0.5, which corresponds to Am/yl = 0.103 (upper
graph, Figure 48). Finally, we determine Am = 1.103-yl = 1.103-0.7 = 0.072.
By a similar method we find the maximum deviation of A in the case of samples
with volume n = 8. Am we find to be 0.035-0.7 = 0.025. Thus, the transition
from a sample n = 1 to a sample n = 8 leads to a decrease in Am from 0.072 to
0.025,

In the example with the Reyleigh distribution (§3.15) with the same
sample (n = 8) we have Am = 0.020, i.e. the increase in the sample to n = 8
leads to a decrease in the maximum deviation of Am from 0.059 to 0.020.

It should be noted that when the generalized parameter u vanishes
(yz = 0), the dependence of Am/y1 on the sample size n cannot be traced from
the graph on Figure 48. After determining the value x_ = /E—f_jg and

substituting it togethexr with Yy = 0 into expression (3.16.2), we produce
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LF __ _ 1 ‘_2__. - . T 1
A(e) = A, = Via e H, (1,_)—6- . i

(3.16.7) /97

— ﬂ ___1___ ¥ T1
—(’fl )p-=0'r1 Va = 0,0917 V'

where (Am/Yl)u=0 is a quantity determined from the graph (see Figure 48).

z=flul,

vl

1a
_2 L
"3t a5
4 100 G o o
LY i 05 /.1[/
Figure 46 Figure 47

We can see from the expression produced that the value of Am for
u = O(y2 = 0) is inversely proportional to the square root of the sample size

n.

In the case where Yo # 0, while the distribution is symmetrical (Yl = 0),

the value of generalized parameter u is infinity (3.16.4). This case,
frequently observed in practice, is not shown on Figure 48. Without going
into a detailed determination of the abscissa of the maximum AIY -0 (3.16.2),

let us look at function wz(x, u) related to AIY —o @S follows:
1=

. i
Alymg = WP (2, 00) —Des
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be its maximum Am.

Obviously, the desired point on the
abscissa x 1is equal to zero (x = 0).
Substituting the data into expression
(3.16.2), we produce

Am = A (Jz__) ,Yx'--‘-'f) [ p— _')’_2__ —~ 0005 ';’;.!

-
& YV 2n

(3.16.8)

A comparison of (3.16.7) and (3.16.8)
shows that the maximum absolute deviation
Am of the symmetrically normalized distribu-

tion from the normal decreases more rapidly
with increasing sample size n than the similar
quantity for the asymmetrical normalized
distribution rule. We note in conclusion that
for more general cases (Yl # 0, Yy #* 0,

n = 1) the dependence of the ratio of maximum
absolute deviation of the distribution from
the normal to the asymmetry coefficient as a
function of the sample size, shown on

Figure 48, allows us to determine the maximum
absolute deviation Am quite easily with known

parameters of the distribution (Yl, Yz) and

fixed sample size, or, using the parameters of
the distribution (yl, Y2) and the sample size

(n), to determine approximately the value of
the random quantity for which deviation A will

In this latter case, it is necessary to consider the signs

of the coefficient of asymmetry and excess, holding the following rule: with
identical signs, the stationary points are located in the area of negative
values of x, with different signs -- in the area of positive values of
argument X.
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PART I

THE USAGE OF PHYSIOLOGICAL SIGNALS TO ESTIMATE
EMOTIONAL STRESS OF AN OPERATOR

Chapter 4

THE ELECTROENCEPHALOGRAM

ABSTRACT. A general analysis of the electroencephalogram
is presented. The various rhythms encounted in the elect-
toencephalogram are described and characterized statis-
ically. Variations in the typical electroencephalogram
with variations in the state of attention are described.
Typical EEG integrator output signal are analyzed mathe-
matically. )

Introduction

The rhythmic oscillations! of the bioelectrical activity are one of the /98
characteristic manifestations of the active state of the central nervous T
formations. It is assumed that the 'spontaneous' rhythmic discharges of nerve
cells maintain their tone, indicate readiness for reception of incoming
signals and excitability of the synaptic apparatus (points of contact of
branches of a nerve cell to branches or bodies of other cellular elements).

The influx of signals from the sense organs and internal receptors disrupt and
modify the background rhythmic activity.

In the organization of the oscillations in biopotentials recorded from
the surface of the brain, considerable significance is given to the circula-
tion of nervous excitation through closed loops between various layers of the
cerebral cortex, between points on the surface of the cortex and also between
the cortex and the lower sections of the brain. Thus, negativation (excita-
tion) of the upper layers of the cortex produces the first half-wave of the
surface oscillation in the biopotential, while excitation of the lower layers
produces the second half-wave. The shorter and narrower the neuron ring,
through which the excitation is transmitted, the more rapid the rhythm;

T Rather complex, quasi-periodic processes are involved. We retain here the
terminology used in physiology.
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the longer the ring, the slower the rhythm (Rysunov, 1954). The discovery of
phenomena of reverse inhibition, functioning on the principle of negative
feedback, and of specialized inhibiting cells first in the spinal column, then
in the higher located sections of the central nervous system (cerebellum,
hippocampus) led to the formation of the concept of the decisive role of
inhibiting mechanisms in the organigzation of the cerebral rhythm (Andersen,
Rudjord, 1964; Sokolov, 1965, etc.). The study of the regular changes in the
o rhythm with increasing ascending excitation allowed P. V. Simonov (1965b)
to state the assumption that the a rhythm is an electrographic expression of
the activity of mechanisms which, on the one hand, maintain rather high
reactivity of the nervous structures, and on the other hand, prevent over-
excitation, which would threaten to go over to spasmodic activity (''pulsating
inhibition barrier').

In the opinion of Andersen and Sears (1964), the nuclei of the visual
tubercle contain no 10-cps rhythm establishing unit, and the frequency of
the discharges of cortical neurons is determined by the negative reverse
influence of the intermediate inhibiting neurons. It is this mechanism which
is the basis of the spindle-shaped activity recorded on the electroencephalo-
gram. A comparison of the discharges of individual cells of the cortex to the
EEG has shown their coincidence with the surface-positive half-waves, the
inhibiting periods -- with the surface-negative half-waves (Calvet, Calvet,
1963). According to the data of B. I. Kotlyar and V. V. Shul'govskiy (1967),
the maximums in the discharges of neuron in the hippocampus correspond to
the maximums of negative values of the 6 rhythm (oscillating frequency
4-7 Hz). A. I. Roytbak (1963) considers that the o wave is formed as a result
of addition of the potentials of branching segments of the cortical dendrite-
cells. The formation of & waves (1.5-3 Hz) is related to the mechanism of
slow oscillations of the negative potential, the generation of which,
possibly, includes participation of the neuro-glial cells.

Thus, there is reason to look upon the rhythmic oscillations of bio-
potentials as a result of interaction of excited and inhibiting nerve
elements, which allows us in the first approximation to describe this
interaction in the language of models of the Italian mathematician
V. Volterra (1931, see Goldacre, 1960). Volterra, in particular, looked upon
the hypothetical situation: a lake contains sharks (the consuming form),
small fish (the consumed form) and plant food for the small fish. The sharks
eat the small fish, the number of small fish decreases, and with time the
sharks begin to die of starvation. Then the small fish multiply, the sharks
begin to eat them, and the number of sharks increases. The number of sharks
and other fish increases and decreases periodically, the period of the
oscillations being identical, the only difference being a shift in phase. 1In
order to describe external influences on the system, Volterra suggested
several rules. However, in order to use them, we must determine which
elements in the system correspond to the sharks, which -- to the small fish
and which -- to the plant food.
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Let us present several of Volterra's rules.

1. The oscillating period depends on the coefficient of decrease
(increase) in elements of each species and the initial number of elements in
each.

2. Destruction of consuming elements accelerates the fluctuation; /100
destruction of consumed elements retards the fluctuation.

3. An increase in the degree of protection of consumed elements leads to
an increase in the number of elements of both species.

4, With simultaneous and equivalent destruction of both species, the
ratio of amplitudes of the fluctuation has a tendency to increase.

5. If we attempt to destroy both species uniformly and in proportion to
their quantity, the mean number of elements of the consumed form increases,
of the consuming form -- decreases.

In the situation which we have analyzed, the influx of information from
the surrounding medium and the state of the internal organs can be considered
the '"food," facilitating the propagation of excitation processes (small fish)
in the nerve elements, the development of which is hindered by inhibition
processes (hunter fish). From this point of view, the activating and
inhibiting influences on the cortex from lower segments of the brain can be
equated to increases in the number of excitation or inhibition neurons. Of
course, the Volterra rules do not reflect all the complexity of the inter-
action of the excited and inhibiting nerve elements arising in various seg-
ments of the brain as a continuously changing volume of information arrives.
However, in many cases they can be useful for conclusions concerning the
interaction of mechanisms of inhibition and excitation in various situations,
judging from the predominant rhythm of the EEG or, on the other hand, allow a
preliminary characterization of the EEG, if we have information on the
relationships between processes of excitation and inhibition.

We note that the Volterra rules do not contradict the principal conclu-
sions on the predominance of various EEG rhythms, resulting from analysis of
the model presented below (see point "d", p. 35) of the interaction of
excitation and inhibition mechanisms in various human emotional states, based
on physiological considerations and practical observations.

After briefly presenting contemporary concepts concerning the mechanisms
of formation of the EEG, let us go over to a review and analysis of available
data on the problem of changes in the summary electroencephalogram under the
influence of emotional excitation.
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§4.1., Electroencephalographic Characteristics of Emotional Stress

a) § Waves and the Inhibiting Influence of the Lower Segment of the Brain
Stem

In the literature, we could not find any information on manifestations of
§ waves (1.5-3 Hz) during emotional stress in healthy persons. Nevertheless,
spectral analysis of EEG in the experiments of P. V. Simonov, M. N. Valuyeva
and P. M. Yershov (1964) using the G. Walter narrow band analyzer produced by
the English "Eddisvan' firm showed a clear increase in summary wave voltage at /101
a mean frequency of 2 and 3 Hz at the moment of expectation of a rather strong
pain stimulus. The reinforcement of § activity is frequently combined with a
tendency to increased pulse frequency, which can be looked upon as a
characteristic of activation of the parasympathetic segment of the vegetative
nervous system. This type of effect is characteristic for the inhibitory
system, localized in the lower portion of the brain stem.

The lower (bulbar) inhibiting system has a manifest synchronizing
influence on the electrical activity of the cerebral cortex. Most authors
believe that this effect is achieved by inhibition of the activating segment
of the reticular formation (Morutsyn, 1962). In the opinion of Bloch and
and Bonvalet, there is a negative mesencephalo-bulbo-mesencephalic feedback
(Bloch, Bonvalet, 1961; Bonvalet, Bloch, 1961). Many experiments have
demonstrated the parallelism between vegetative reactions arising during
stimulus of the medulla oblongata, and the synchronizing (deactivating)
effects of the bulbar segment on the electrical activity of the cortex.
Direct stimulation of the caudal portion of the stem produces synchronization
of the rhythm in the cortex and a decrease in pulse frequency (Mayorchik,
Koreysha, Gabibov, 1962). Stimulation of the baroreceptors of the carotid
sinus, decreasing the pulse frequency and blood pressure, results in
synchronous, slow waves of high amplitude in the cortex (Hibel, Bonvalet,
Dell, 1954; Okudzhava, Meladze, 1964).

These data agree well with the facts concerning the role of the lower
inhibitory system in the regulation of emotional reactions. Stimulation of
the baroreceptors of the carotid sinus, and also direct stimulation of the
bulbo-pontine structures inhibits the anger reaction in decorticized cats
(Tsanketti, 1965). The characteristic vegetative manifestations of fear
indicate the activation of the parasympathetic segment of the nervous system
(decrease in pulse frequency, defecation and nausea), indicate the participa-
tion of the synchronizing structures of the medulla oblongata in the passive-
defense states.

b) The & Rhythm and Its Functional Significance
The oscillations at 4-7 Hz are weakly expressed in the electroencephalo-

gram of a healthy, mature man. However, it was noted that this rhythm becomes
clear with mental stress (Sorel, 1965) or negative emotions, particularly in
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children (Walter, W. G., 1953). A similar rhythm is also observed in higher
mammals whenever their nervous system undergoes a sufficiently strong load, be

it the solution of a difficult problem or injection of certain biologically /102
active substances into the blood stream. In the laboratory -of P. K. Anokhin, +—=
this rhythm has come to be called the '"stress rhythm." The fact that the

6 rhythm in the surface electroencephalogram is combined with reinforced
impulsation of neurons in the reticular formation stimulated P. K. Anokhin to

deny the inhibiting nature of the 6 rhythm and to look upon it as a reliable

EEG sign of negative emotional excitation (Anokhin, 1963).

Further investigations have shown the complex and contradictory phenomen-
ology of the & rhythm. First of all, it has been found that the 6 rhythm in
some areas of the cerebral cortex may exist with manifest desynchronization of
the electrical activity of other areas. The reinforcement of the effect of a
stimulus which has caused the appearance of the 6 rhythm generally leads to
its replacement by desynchronization (rapid, low-amplitude oscillations). The
® rhythm increases not only during negative, but also during clearly positive
emotions (Valuyeva, 1967). It can be stated in general forms that the
8 rhythm is particularly characteristic for the situation of active search for
paths of satisfaction of demands which have arisen. Strong and purposeful
excitation most frequently results in generalized desynchronization of the
EEG.

Among the brain formations located beneath the neopallium, the 6 rhythm
is particularly characteristic for the hippocampus. It is clearly expressed
in those cases when the experimental situation contains elements of pragmatic
uncertainty, in the early stages of development of a new skill, and disappears
as the problem is solved (Adey, 1960). A high level of development of a skill
is accompanied by a decrease in fluctuation of phase variations of EEG waves
in the hippocampus (Adey, Walter, D. O., 1963). Grastyan et al. (1965)
emphasized that the 8 rhythm is recorded in the hippocampus only in the
behavioral reaction of approach, search for objects useful for the animal.

The reaction of avoidance is accompanied-by desynchronization of the hippo-
campal activity. Data are available indicating that the 6 rhythm in the
hippocampus is determined by the participation of the medial area of the
hypothalamus. Disruption in this area leads to replacement of the 6 rhythm by
desynchronization (Corazza, Parmeggiani, 1963). Direct stimulation of the
hypothalamus causes desynchronization in the cortex and the & rhythm in the
hippocampus.

Apparently, the hippocampus is involved in the formation of the & rhythm
in the higher brain sections as well. Direct stimulus of the hippocampus by
signals at a frequency of 50-70 Hz retards the rhythm of the EEG of the
cerebral cortex and causes the appearance of high amplitude spindles. The
activation reaction threshold in response to stimulus of the reticular
formation increases in this case. However, stimulus of the hippocampus by
signals of higher frequency, on the order of 300 Hz, leads to desynchroniza-
tion of the EEG (Zislina, Novikova, Tkachenko, 1963). These EEG effects
are interesting to compare with the inhibiting influence of the hippocampus on /103
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the reticular formation (Lishak, Grastyan, 1962), the conditioned defense
reflexes (Rimble, Kirkly, Stein, 1966) and certain vegetative reactions
(Ayrikyan, Gaske, 1967).

Another structure which takes part in the formation of the 6 rhythm is
the area of the septum. According to the data of I. I. Poletayeva (1967),
disruption of the septum in rabbits or its temporary disconnection by
novocaine leads to disappearance of the © rhythm in all leads. What are the
functional specifics which characterize the area of the septum? We would like
to emphasize at least two: 1) in the septum area in man and in animals are
located the centers of positive emotions (01dz, 1963; Lilli, 1960; Gis, 1963,
etc.); 2) the septum has an inhibiting influence on the centers of negative
emotions, and its direct stimulus is accompanied by primarily parasympathetic
vegetative effects (Allikmets, 1965; Allikmets and Lapin, 1966).

Summing up the entire set of available facts, we can make the following
conclusion. The 6 rhythm is actually closely connected to the formation of
emotional reactions, although only in those cases when the structure of the
eomtional state contains rather clear characteristics of the "inhibiting
component.'" This type of situation is generally observed during active search
for means of satisfying some demand, where the desire encounters difficulties
hindering the solution of the behavioral problem. The 6 rhythm can hardly be
attributed only to negative emotions, being no less characteristic for
positive states. Furthermore, strong negative reactions are more usually
accompanied by desynchronization of the EEG than by the well ordered 6 rhythm.

c) Changes in a Rhythm

Oscillations of the biopotentials at 8-13 Hz occupy a leading position in
the human EEG. According to the data of Saunders (1963), the univariate
distribution density of o rhythm values can be characterized by the Gaussian
rule. The mean frequency of this rhythm -- 10 Hz -- corresponds to an
interval which is quite essential for mental activity. The observations of
psychologists and precise experiments on dogs (Papovich, 1957) have shown that
the conditioned reflex is formed only if the interval between combinations of
stimulants exceeds 100 msec. This interval corresponds to the minimum time
necessary for detection and differentiation of a signal (Davis, 1957). A
reduction in the duration of signal action leads to the activation of special
mechanisms for elongation of the signal, allowing the brain to succeed in
performing the operation of analysis (Gershuni, 1963).

Generalizing material accumulated by physiologists, N. Wiener (1963) came
to the conclusion that the higher segments of the central nervous system can /104
perceive impulses no more frequently than each 100 msec. In the opinion of
Adrian (1954), the physiological mechanism manifested in the oscillations of
the o rhythm breaks up and limits the impulsation (signals) arriving from the
periphery. In other words, this rhythm reflects changes in excitability of
the cortical structures in relation to incoming signals (Walter, W. G., 1954).
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Investigators have noted many times the relationship between the o rhythm
and the activity analyzer of the brain. Perhaps this factor causes the
particularly clear expression of the o rhythm in the posterior areas of the
cerebral cortex, where the higher centers of vision -- the leading analyzer
system in man -- are localizedl. Apparently, it is not by chance that the
background rhythm is most effectively suppressed (desynchronized) by a burst
of light. Disconnection of the visual analyzer is accompanied by attenuation
or even disappearance of the ordered o rhythm (Adrian, Matthews, 1934;
Novikova, 1960, etc.). The variety of o activity recorded in the zone of the
central motor analyzer in the form of so-called arc-shaped or rolandic rhythm
is unique, and is pressed by proprioceptive impulsation from the muscles and
joints. The appearance of this rhythm in response to emotionally colored
stimulus (for example, showing of a motion picture film) probably results
from increased muscular stress -- spinal tonus (Sorel, 1965).

Many authors relate the formation of the o rhythm to the inhibiting
influence on the cerebral cortex of the nonspecific nuclei of the thalamus
(Jasper, 1954; Roytbak, 1958; Serkov, 1963; Narikashvili, Moniava, Arut'yunov,
1965, etc.). However, data are available which contradict this hypothesis.
Thus, complete disruption of the right visual tubercle by a tumor did not lead
to disruption of the o rhythm or asymmetry of the o rhythm in comparison to
the electrical activity of the other hemisphere (Tumskoy, Mayorchik, 1966).

When emotional stress appears, a suppression (activation, desynchron-
ization) of the o rhythm is observed, together with reinforcement of rapid
B oscillations at 14-30 Hz (Lindsli, 1960; Gorbov, Myasnikov, Yazdovskiy,
1953; Glass, 1964 and many others). According to the data of Lange,
Storm Van Levena and Verre (1962), constant predominance of 8 activity in the
EEG of a subject indicates increased emotionality, stress, disquiet, and lack
of confidence. A low o index, increased frequency and low amplitude of the
a rhythm indicate chronic predominance of excitation as an individual specific
of the nervous system of the person (Teplov and Nebylitsyn, 1963). Puister /105
(1962) considers that persons with depressed, low-amplitude, weakly expressed ~——
a rhythm are unsuitable for flying work. A "flat" EEG, decrease in the
o index and manifest B activity are characteristic for patients suffering from
neurotic diseases, with manifestations of emotional instability and affective
explosiveness (Latash, 1963; Bobkova, Mesishchev, 1967).

After the classical works of Bremermegun, Moruzzi and their school,
it became obvious that depression of the o rhythm results from the activating
influence of the reticular formation in the brain stem. These data with a
basis of the '"activation theory of emotion' suggested by Lindsli (1960), on
the basis of analysis of the reticular formation of the brain stem as the
principal substrate of emotional reaction. However, "activation theory" has a
number of vulnerable links. First of all, a large number of facts indicates

T"The close relationship of the o rhythm and functions of the eyes -- their
motor control, position, information of visual axes has been indicated by
recent works of Mulholand, 1966; Dewan, 1967, etc.
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secondary involvement of the reticular formation in the occurrence of
emotional reactions which are initiated by specialized centers in the hypo-
thalamus (aggression, fear, satisfaction, etc.), as well as descending
commands from the structures of the neopallium, where finer evaluation of the
situation at hand occurs. Direct electrical stimulus of the hypothalamus
causes clear desynchronization of the EEG (Gellhorn, 1960; Baklavadzhan, 1966,
etc.). Furthermore, disruption of the rear segment of the hypothalamus
excludes. the behavioral characteristics of excitation of the animal, although
activation of the EEG remains in this case (Feldman, Weller, 1962). 1In all
probability, the reticular formation more nearly supports regulation of the
level of excitation, the level of working ability of the higher segments of
the brain than determines the emotional nature of the behavioral reactions
(Cardo, 1961).

On the other hand, during mental stress (mental calculations), the
perception of emotionally colored words, expectation and fear, many authors
have recorded not a depression, but a reinforcement of the o rhythm, an
increase in its amplitude, increase in the o index (Darrow, 1947; Lorens,
Darrow, 1962; Kreitman, Shaw, 1965; Emrich, Heinemenn, 1966). According to
the data of P. V. Simonov (1965b), moderate emotional excitation, the degree
of which was judged by the increase in pulse frequency, is accompanied by an
increase in the summary voltage of the o rhythm, while a further reinforcement
of emotional excitation leads to a depression of the rhythm.

How can these facts be understood if we agree with the statement that an
increase in amplitude of the o rhythm reflects reinforcement of inhibitory
processes (Rysunov and Smirnov, 1957; Felinskaya and Ivanitskiy, 1964, etc.)?
Here we must first of all recall the property of weak stimulus to increase the
inhibitory processes in the central nervous system. Thus, a weak electrical
stimulus of the posterior hypothalamus or reticular formation of the brain
stem depresses bioelectrical activity of the cortical structures caused by
application of strychnine, while a strong stimulus reinforces it (Gellhorn,
1960). Stimulus of the reticular formation of the middle brain in the rabbit
by signals at 6 Hz inhibited the activity of 30% of the neurons and reinforced
the activity of 22%. At 150 Hz, these figures were 24 and 56% respectively.
In other words, an increase in the strength (frequency) of the stimulation
leads to an increase in the number of activated neurons and a decrease in the
number of inhibited neurons (Krupp, Monnier, 1964).

Using the example of the changes in o rhythm, we will see that emotional
stress is a result of dynamic existence and complex interaction of exciting
and inhibiting mechanisms. The degree of involvement of these counterdirected
mechanisms, their specific gravity, 'their balance, depending on the
qualitative and quantitative characteristics of a given emotional stress,
determine the electroencephalographic expression of the emotion. Rephrasing
D. Lindsli, we can state that the emotional reaction is not '"activational,"
but "activation-deactivational' in nature.
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d) Hypothetical Diagram of Mechanism of Changes in EEG During Emotional
Stress

Thus, we can see that the electroencephalogram recorded at the surface
is a result of the complex interaction of excitation and inhibition processes
on the cerebral cortex. We assume that in order to clarify the EEG
manifestations of various emotional states, it is important to acknowledge not
the variations in influences, not the predominance of inhibition over
activation or activation over inhibition, but the dynamic existence of
inhibitory and activating mechanisms. The transition from strong emotional
excitation to rest, drowsiness and sleep cannot be represented as a simple,
unidirectional replacement of rapid, low-amplitude oscillations by slow,
high-amplitude waves. The activity of the synchronizing mechanisms can
increase in parallel with reinforcement of excitation.

IS
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s R Immobility  _
< |{Combat Enthusiasm Coolness Fury Frenzy, Prostra-
L tion ..
Figure 49

On Figure 49 we have attempted to show schematically the interaction of
the exciting and inhibiting factors in various emotional states of man.
Although this diagram must unavoidably simplify the actual complexity of the
phenomena and is hypothetical in nmature, it clearly illustrates a very
important statement, concerning the absence of direct reciprocity (antagonism)
between exciting and inhibiting mechanisms.

The abscissa corresponds to the degree of emotional stress E, which in
turn is determined, on the one hand, by the demand and on the other hand by
the deficit (negative emotions) or excess (positive emotions) of pragmatic
information, characterizing the contrast between prognosis (probability of
achievement of a goal, earlier predicted by the subject) and the reality
(probability of satisfaction of the demand determined at the given moment).
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The investigations of physiologists show that the estimate of the proba-
bility of achieving a goal is performed by the brain on the basis of
hereditary and individual acquired experience.

The ordinate G corresponds to the degree of stress of the activating,
exciting, desynchronizing (solid 1line) and inhibiting, deactivating,
synchronizing mechanisms (dotted line). Let us .analyze the electroenceph-
alographic characteristic of various emotional states.

1. For the state of rest, predominance of synchronizing influences is
characteristic, corresponding to clearly expressed o rhythm. This state
frequently and most easily leads to sleepiness.

2. During positive emotions, excitation is clearly increased, although
at the same time an increase in inhibitory influences is observed. This
situation frequently manifests itself in periods of exultation (increasing
amplitude) of the o waves, as well as a reinforcement of 6 activity. However,
this does not exclude, particularly during strong positive emotions,
phenomena of depression of the o rhythm and reinforcement of rapid B
oscillations. It is quite probable that the very combination of activation of
exciting and inhibiting mechanisms and the adequacy of the '"inhibitory
defense' of the brain structures are the basis for the practical harmlessness
for the organism of even strong positive emotions. In any case, clinical
medicine knows of no neurotic disorders or psychosomatic diseases which arise
as a result of too much joy. A feeling positive in its coloration may be
dangerous only for persons with deep organic pathology of the cardiovascular /108
system, when any additional stress is undesirable.

3. For negative emotions, appearing in animals with rapid motor activity
(in man the external manifestation of emotions is frequently suppressed) shows
most typically strong excitation with manifest depression of the o rhythm and
an increase in rapid oscillations. It must be emphasized that in the first
stages of development of this type of emotion, the inhibitory influences
continue to increase, which is manifested in cases of exaltation of the
o thythm, and reinforcement of 6 activity. However, in contrast to positive
emotions, the stabilizing mechanisms soon predominate over the increasing
excitation.

4. Unique relationships are observed in the stage in which negative
emotions take on a manifest passive nature (deep grief, strong fear resulting
in immobility, etc.). On the background of ever increasing tonus we observe
here clear predominance of inhibitory influences with the manifestation of
slow waves in the electroencephalogram. There is some foundation for relating
this picture to the inhibitory influences of the lower (bulbar) synchronizing
system. This idea is supported by the capability of this system to inhibit
the reaction of aggression (Tsanketti, 1965) and clear symptoms of activation
of the parasympathetic segment of the vegetative nervous system (decrease in
pulse, nausea, vomiting, involuntary defecation and urination).
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These are the general characteristics of the activation-deactivation
interaction with increasing emotional stress. We repeat, our diagram is
rather approximate and hypothetical, but, to some extent, allows us to orient
ourselves in the contradictory information provided by the physiological
literature. We hope that further investigations will allow the phenomenology
of electroencephalographic changes during various emotional states as well as
the essence of the mechanisms which determine them to be clarified.

e) Results of Experiments

In conclusion, let us analyze certain practical results of spectral
analysis of the o and 6 rhythms of the EEG, allowing us to evaluate the nature
of the behavior of the spectral density of the processes investigated during
changes in the degree of emotional stress of the test subjects in the
experiment (determination of a significant stimulus).

The sampling correlation functions BT(T) were determined using a discrete

analog of the following formula (Pugachov, 1957):

Tl»_'—:
By (%) = 57— S [é/ (&) — Uyp Oy (¢ — 1“’)"—'.UT (H)1de,

0

where y(t) is the signal at the output of the corresponding filter of the /109
spectral analyzer, the band pass of which is Af = (8-13) Hz for the o rhythm
or Af = (4-8) Hz for the 6 rhythm; T is the duration of realization of the

process; T is the shift in the correlation function 0 < 1 < Thax’ yT(t) is the

sampling mean value of y(t).

Fragments of the EEG with the separated o rhythm signals [oa(t)] and
6 rhythm signals [6(t)] for the state of rest and high emotional stress of the
operator (expectation of pain stimulus) are shown on Figures 50 and 51
respectively. The index I marks the readings from the integrator.

The correlation function step is determined from the condition that over
an interval as long as one period of the highest frequency harmonic observed
in the recording of the random signal being investigated, there are not over

6-10 readings.

In order to find the smoothed spectral estimates FT(f), we used the
expression

100



Tmax
9

Fr(f) == i@ S P (v) By (x) cos (2:1fv) dx,

[

in which the Hamming function was taken as the weight function p(t),

allowing us to produce rather satisfactory results from spectral analysis of
stable random processes over rather short observation intervals with finite
shift t© (Kagnnan, 1964; Meshalkin, Yefreymova, 1965). Here, the relationship
between estimates of spectral density F%(f) for the case p(t) = 1 and FT(f)

determined using the Hamming weight function can be described by the formula

* ) - i apt 1
Fr(f) = 02387 <f — ,71,—1-—) 4-0,54F7F (f) - 0,237 <_f + 9,;__#> ;

“tmax

where the quantity 1/Tmax is the resolving capacity of spectral analysis

(Viner, 1961).

The graphs of FT(f) of the a rhythm, constructed for various states of

three test subjects, are shown on Figure 52, in which we have used the
symbols:

Fl (f) = FT: (f)y T]_ = 35 sec, Tmax = 6.5 sec;
Fo(fy =Fr,(f), Ty=10sec, Tmax = 3 sec;
F3.(f) = TT; (f)’ 3 =15 sec, ' Tmax = 4,55ec;

The curves denoted by the figure 1 on the graphs of Fl(f) and F3(f) and
the figure 2 on the graph for Fz(f) are estimates of the spectral density for

the states of weak emotional stress of the operators (signals of low signif-
icance, carrying no information concerning immediate possibility of painful
action), and curve 1 on the spectral picture of Fz(f) characterize the state

of rest (eyes open).

These dependences have a manifest spectral peak which primarily deter-
mines the ''rhythm" of the oscillations (the presence of the "rhythm'),
observed visually in various situations. The greater the share of the
spectrum which is concentrated in a certain band about the mean frequency and
the narrower this band, the more the oscillations of the o rhythm at the
output of the spectral analyzer will resemble the oscillations of a sine wave
with slowly changing amplitude and phase (see Figure 50). We note that with
otherwise equal conditions, estimate Fl(f) calculated for a longer realization

has less error than Fz(f) and F3(f).
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With increasing degree of emotional stress, the spectral dependencies
are deformed, the spectral peak has a tendency to "erosion'" and its clarity
decreases. Curves 2 and 3 on the graphs of Fl(f) and Fz(f) are constructed

for comparatively high emotional stress (significant signal, possibility of
painful stimulus). In this case, the "rhythm" of the oscillations of the

o rhythm is disrupted -- the band width of the process increases (see
Figure 51).

The graph Fz(f) illustrates the predominance of the influence of
mechanisms of excitation which in the final analysis lead to depression of the
o rhythm with rather strong emotional stress.

Characteristic 2 on the graph of Fs(f) is constructed with exaltation of

the o rhythm (significant signal), which was judged by the increase in

mean amplitude of integrator readings, which is proportional to the dispersion
{or the mean square value) of the initial process (see §4.2). The spectral
peak was displaced into the area of higher frequencies, causing an increase in
the mean frequency of oscillations observed over interval T. Experimental
processing of the material showed that with increasing degree of emotional
stress (the a rhythm is depressed) the dispersion of the process y(t)
decreasesl. Thus, the usage of the F-distribution for the ratio of sampling
dispersions (Nalimov, 1960; van der Waarden, 1960; see also §3.8) during the
influence of emotionally significant and neutral signals, indicated a decrease
in dispersion for the state of emotional stress with a level of significance
of 0.05 in most experiments. An exception, most probably, consisted of those
situations in which the possibility of moderate electrical reinforcement at
the skin in the experiments was not a sufficiently significant stimulus for
the test subject. The number of independent readings was estimated by the
expression N = Af-T, where the value of Af, characterizing the energy band of /112
the process with the test subject in the state of rest (20 persons) or in
similar situations (for example, showing of neutral signals) was assumed equal
to 0.8-1 Hz in correspondence with the time required for attenuation to level
0.1 (estimate of correlation interval Tk) for normalized correlation functions

(Tk ~ 1/Af). On the other hand, as will be shown below in the analysis of

signals at the output of the integrator of bioelectrical activity, in the case
Af =~ 1 Hz, good correspondence between theoretical and experimental relative
errors in calculation of mean square values (dispersion) of the o rhythm in
the state of rest of the test subject is produced.

T"According to the xZ criterion, the hypothesis of normal distribution of
values of o rhythm y(t) is not contradicted by the experimental data in the
overwhelming majority of experiments performed (regardless of the level of
emotional stress).
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Figure 53 shows estimates of the spectral density Fl(f) of the 6 rhythm:

Fi(f) = Fr, (), =23 sec, 17max=':0055(2c,

constructed using the same realizations of the EEG as the graphs of Fl(f) for

the o rhythm, the curves 1 and 2 of 6 rhythm corresponding to curves 2 and 1
of the a rhythm. Combined analysis of graphs of Fl(f) shows that with

sufficiently high emotional stress, the spectral estimate of the 6 rhythm has
a manifest spectral maximum (4-5-Hz frequency area). In this case, the
electroencephalogram begins to show clear visually obvious '"rhythm'" of the

& waves, whereas the o rhythm is depressed, indicating the continuing
predominance of inhibitory influences against the background of comparatively
strong excitation (possibility of painful stimulus). With low emotional
stress (a state near the state of rest) the spectral peak of the 6 rhythm has
a weak character (curve 2). In the electroencephalogram, oscillations of the
o rhythm are noted, indicated by characteristic 1 (see Figure 52,

graph F_ (f)). In this case, excitation is low. Inhibitory influences
predominate, although they are less strongly expressed than in the reaction of
the test subject to a significant signal analyzed above. We note that in many
expériments, the spectral picture of the EEG rhythms had a main spectral peak /113
with two maximums and a rather deep depression between them, which is
explained, on the one hand, by the corresponding changes in the state of the
test subject during the observation interval and, on the other hand, by errors
in calculation. However, the nature of the behavior of spectral dependencies
for the operator states being investigated was retained in these cases as

well.

The changes in the experimental spectral functions of the o and 9
rhythms analyzed above are in good correspondence with the electroencephalo-
graphic characteristics presented in analysis of the model of the interaction
of exciting and inhibiting mechanisms for various emotional states of man
(see §4.1, section "d'""). The usage of the Volterra rules in this case allows
us to estimate the nature of the ratios between inhibitory and excitation
mechanisms (judging from the position of the spectral maximum) as applicable
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to the model of the formation of the rhythmic EEG oscillations (see
Chapter 4, Introduction).

Effective calculation of spectral evaluations can only be performed by
high-~speed computer. 1In certain cases, coarser characteristics may be
sufficient for description of the human states being investigated. Below we
analyze the operation of a brain bioelectrical activity integrator, the
indications of which are used in primary processing of material, and some
problems in the production of information on the nature of the spectral
density on the basis of the average number of times the process being
investigated crosses the zero level per unit time are analyzed.

§4.2. Analysis of EEG Integrator Output Signals

At the present time, one broadly used method for quantitative evalu-
ation of the EEG in electrophysiology is measurement of the summary
electrical activity of the brain U(T). Quantity U(T) is determined by the
area bounded by the zero line and the rectified voltage of the electro-
encephalogram or any of its rhythm over a given time sector T. This
indicator has been used in primary processing of data as one of the
characteristics of the degree of emotional stress and as an indicator of EEG
rhythm behavior (depression, exaltation, etc.) at the output filters of the
EEG spectral analyzer (see §4.1, section '"e').

Let us analyze a typical block diagram of measurements, presented on
Figure 54, where for simplicity we have shown only one of the N parallel
processing channels. The electroencephalogram x(t) is fed to a system of
linear filters @...@N_l with frequency characteristics C(m)...CN_l(m), with

rather good linearity, the band pass properties of which are determined by

the EEG rhythms (Kozhevnikov, Mescherskiy, 1963). The output voltage y(t) of /114
a certain filter ¢ is rectified [z(t)] by single or dual half-wave noniner-

tial detector NID and fed to integrating device I. The operating time of the
integrator -- T is periodically fixed by circuit P2, after which the reading

u(t) is read and cleared. Reading is performed by device Pl, which scans the

outputs of the integrating filters in all channels. In correspondence with
the above, the total electrical activity of the brain U(T) in a certain
frequency band is determined by the expression (see Figure 54):

T
v =S\s@a. (4.2.1)

0

Below we analyze the dependence of quantity U(T) on the parameters of
the measuring circuit and the input process y(t) and estimate the error in

its measurements over finite observation interval Tob'
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Let us analyze the questions
related to the passage of signals
through the circuits of the brain
summary electrical activity measuring
device. Since the circuit consists of
N parallel identical measurement
channels ¢ -~ NID » I - Pl’ analysis is

performed in general for one channel,
that carrying the o rhythm.

Certain earlier published works
(Rozenblit, 1962; Viner, 1963;
Saunders, 1963; Grindel', 1965) and our
experimental results (see §4.1,
section "e") indicate that the o rhythm
at the output of the spectral analyzer
filter -- a(t) -- can be described for the states of interest to us by a
narrow band, Gaussian random process. The energy spectrum of this process in
general is concentrated in the area of a certain mean frequency fc, and the

Figure 54

correlation function has a slowly attenuating, oscillating nature. In the
following, we will assume

a(t) ==y (t); y(t) =0,

where, as was already noted, y(t) is the result of passage of the EEG through /115
the linear system (filter) with frequency characteristic presented on
Figure 55 (the overline represents statistical averaging).

Based on the above, the autocorrelation
function and energy spectrum Fy(w) of the reaction

of the filter y(t) can be represented in the
following form (Levin, 1966):

L

Bu (t) = 13, () ¢ (e, 22);

5 I (@) = C2(0) Iy (o), (4.2.2)
!
{
| S Ce e e o .. . .
A7 80005y, where the spectral density Fy (w), i.e. the Fourier
. 0
Figure 55 transform of the slowly changing term By (t), is
0

primarily concentrated about the zero frequency,
while the spectral density corresponding to the rapidly changing term
¢(wc, aT) is concentrated in a narrow band of frequencies depending on s
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about W Response z(t) of the noninertial detector NID is stationary, if

the input action y(t) is stationary and defined by the parameters of y(t) and
the nonlinear element. The output signal of the integrator depends,
obviously, on the analysis time T and on process z(t). The relationship
between the response of the integrating filter u(T) and the perturbation
which causes it z(t) can be represented with zero initial conditions by a
Duhamel integral in the form

. T T

w(ry = (2 (Oh(r—1ydt - § (r'—nh@dt (4.2.3)
h(t) =0, 1\0’
z(l)=0, <0,

where h(t) is the pulse transient characteristic related to the stable
complex transmission function of the quadrupole (filter) H(jw) by Fourier

transforms:

1 (jw) - § h([)'c..j(,,g(h; (4.2.4)
1 (4] -
(£) := = ‘W) el etdf
)= e _S‘)H (jo) eiotdt. (4.2.5)
The modulus and argument of the transfer function
1) (j(l')):: C((L)) ¢ jv (o) (4.2.6)

are the frequency C(w) and phase ¢(w) characteristics of the filter.

Keeping in mind the finite nature of analysis time T, it is convenient /116
to represent the new pulse characteristic h(t, T) such that it is equal to
the reaction of the filter to a unit impulse within the observation interval
and equal to zero outside this interval (Davenport, Johnson, Middleton,

1952):

[h() 0<Tt<T

/ 7y -
UCEE N N

(4.2.7)
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where t is the instantaneous moment of the reading; T is the observation
interval.

Under these conditions at moment of reading t = T, expressions
(4.2.3), (4.2.4), (4.2.5) can be represented in the following form [for

brevity, we assume u(T, T) = u(T)]

o (4.2.8)
L(T) = ﬁ () h(T -1, T)dl = § (I —t)h(t, T)dt;
Bt T) \ 11 o, 1) edo,
e (4.2.10)

Function H(jw, T) is the instantaneous complex transfer characteristic of the
filter, where

(‘X‘

0, ! lo(t)dt.
1O, 1) \h(i Ty dt - \L ) (4.2.11)

The new pulse reaction h(t, T), as well as the transfer function
H(jw, T) combines the.effect of averaging of the low-frequency filter and an
effect which is the result of the finite nature of analysis time T.

The expressions for the mean value u(T) and the dispersion oi(T) of

process u(T) at the output of integrating filter I can be produced on the
basis of formulas (4.2.7), (4.2.8):

o T

I N RN R WIS U ICLE I TS

—_—
—ro he

In order to determine dispersion oi(T), we use the equation

SUT) (T = [ (4-2.13)
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and find the mean square of random quantity u(T): /117

X

[t (7Y]2 --S( Il — o, TYW(L —y, T)z (x) s (y) drdy.

Performing replacement of variables 7 = y - X; X = X, we produce

(1

TR = (8 (@ —a, DT — 2=, Y5 () 3 (6T D e =

o

= { o B0,

—C0

(4.2.14)

where BZ(T) = z(x)z(x + 1) is the autocorrelation function of response z(t)

of noninertial detector NID, while the expression

o (6. 1) e N (L e, TYI(T =T 1) d

—

(4.2.15)

depends only on the parameters of the integrating filter.

Relationships (4.2.12), (4.2.13), (4.2.14) show that the dispersion and
mean value of signal u(T) are determined by the characteristics of the linear
system (integrator -- I), and autocorrelation function BZ(T). With unlimited

increase in t, random quantities z(t) and z(t + 1) become statistically
independent. The mean value of the product of the statistically independent

quantities is equal to the product of the mean values of the cofactors.
Consequently,

lim 2, (1) = B (ev) == limz (8) 3 (¢ 4-7) = 1z (O)" (4.2.16)
Autocorrelation function BZ(T) is determined by the parameters of the

noninertial nonlinear device NID and action y(t), related to process z(t) by
a certain functional dependence characterizing the type of the nonlinear
element (see Figure 54).
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Let us analyze the noninertial detector NID in the general case as a
rectifying device, made up of nonlinear elements with single half-wave
v-th power characteristics:

fay” y>0

TW =10 y<o. (4.2.17)

Common examples of such devices include single half-wave v-th power
devices with the characteristic

g (y) =7 (4.2.18)
and dual half-wave v-th power devices with the characteristics /118
ay’ y>0
g2(y) = (y)+rr(——y): 0 (4 2 19)

La(—yy y <0,

where a is the .scale factor, v is a nonnegative real number. Where v = 1, on
the basis of (4.2.17), we produce, for example, a single half-wave rectifier,
and where v = 2 -~ a dual half-wave rectifier [see (4.2.18)].

The autocorrelation function of the response of the nonlinear device
z(t), considering the above, can be written in the form

3, (%) = \\ 2 () ¢ () 1V () dyadye (4.2.20)

—

where W(ylyzr) is the two-dimensional probability density of random
quantities y;y,: y;(t) = y(t); y,(t) = y(t - 7).

I1f the action on the nonlinear element y(t) has a narrow band width,
which is of interest in the situations at hand, and if

A(oe
—=2>1,

)y

where Awe,wc are the effective width and central frequency of spectrum Fy(w),

110



.

we can assume the energy spectrum of process z(t) to fall clearly into bands:
a low-frequency band, adjacent to w = 0, plus high-frequency bands,
concentrated in the areas of frequencies nwc; n > 1. The correlation func-

tion (4.2.20) for each of these bands with normal distribution of y(t) with a
two-dimensional characteristic function

&

O, (JU1]V27T) = \‘g W (iayyam) o Tt vy dy, ==

. g—-zé (— D' ey

U " opnpn
nt LlU'Z

is determined by well known methods. Considering integrating filter I (see

Figure 54) to be such that the high-frequency components of the response z(t)

have practically no influence on it (the filter separates a frequency band

adjacent to w = 0), we can represent the expression for autocorrelation

function Bz (1) for the low-frequency portion of the spectrum Fz(w) in the /119
0

following form! (Middleton, 1947)

A R Vo X 2y
u“unwa%ﬁi;ﬂ*(¥xﬂwwG—g,~ng/mﬁO= (4.2.21)
B (1)
where R (1) = Yo is the correlation coefficient corresponding to the
Yo o2

y
spectrum Fy(w) shifted to the low-frequency area (4.2.2)]; o§ is the disper-

sion of process y(t);

Py \et 'dr is the y function; (4.2.22)
5

T"With a broad band effect, the response spectrum of the nonlinear element is
not divided into individual bands. The autocorrelation function BZ(T) in
this case is determined by expression

P PGV o AW DR T N
B, (t)y = Fa (231'1) {]- : ("‘7") 2F \:— T T Y 1, (T)] -

» f—v t—+~+ 3 o,
(2= V) 222, (1) I (2 - 1)01'1 [ 55 T ~§-;1{;];(1)]},
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2]?1 (as Ba T 5") =1 -+ 'ci,.—B'?: o

W

T+ 1)
2@EA-DEIBEF-HE A2 3 _
TG —+1$5 )(' & %T'%"" (4.2.23)
is the hypergeometric function;
b = 1 -- single half-wave v-th power nonlinear element;
~ 2 -- dual half-wave v-th power nonlinear element.

Useful information on the hypergeometric and y functions can be found in
the books of Ye. Yanke and F. Emde (1949) and I. M. Ryzhik and I. S. Grad-

shteyn (1951).

Assuming in equation (4.2.21) v +» ~ and keeping in mind relationships
(4.2.12) and (4.2.16), as well as the equation 2F1(a, B, v, 0) =1, we

produce an expression for the mean value of the output signal u(T) (see
Figure 54) as a function of the parameters of process y(t), nonlinear element

NID, integrator I and analysis time T:

R 1 e SR | A
w(@) =-527 o) <3~—*)5h(ud/ (4.2.24)
0

Thus, the mean value for the set of the response of integrator u(T) is
proportional to the v-th power of the mean square value of action y(t) on the
input of noninertial detector NID, the coefficient of proportionality being
known for moments in time T, in which observations are performed.

The spectrum of the low-frequency component at the output of the

nonlinear device z.(t) can be found on the basis of the Hinchen-Wiener
theorem (pair of Fourier transforms):

]4‘57((0) == 2 S B;O (f) C‘—jwq‘.df;
(4.2.25)

fee)
h] . ;
By (1) == 7 S Fs (@) eovdo

in the case of linear or quadratic noninertial detectors, for example
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(Levin, 1966) has the form of a right triangle! with base Awe (Awe being the

energy band of the input process'y(t) with rectangular spectrum).

With increasing v, the spectrum of low-frequency fluctuations zo(t)

expands. Let us determine now the disperse signal at the output‘of the
integrating filter -- oi(T) [see (4.2.13)]. On the basis of the above, we

rewrite (4.2.14) in the form

[te (]2 = »1914 (v. 1) B (thdx. (4.2.26)

Considering relationships (4.2.12), (4.2.13), (4.2.15), (4.2.16), (4.2.26)
and the equality

G (Pt DS 02 e, 1y (0 —y, Ty dedy =
By (o) § (0, 1Y dt
we find
Ci(f)=i§U@JT’]7[”h(7%”'”%(°¢%14f ol g 0, (L, 1Y 22, (), e, (4.2.27)
where It, (1), — By, (1), — B, (o),

y T (4.2.27")
~ob

3

T This spectral distribution is precisely fulfilled in the case of a
quadratic detector and is fulfilled with good approximation for a linear
detector.
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oi b is the dispersion of low-frequency fluctuations at the output of the
0
nonlinear element.

Substituting the wvalues of Bz (T)b and BZ (w)b from equation (4.2.21)
0 0 '
into formula (4.2.27), we produce an expression for the dispersion of the
output process u(T) as a function of the parameters of the input action y(t), /121
the noninertial detector NID, integrator I and observation time T:

oo

L2vov -2 4 . ]
7 a3.0 Zu B v m -
62 (T) = a®b e | (—2 ) \ 0, (8, 1)

—_—C0

X {21’1(—1' —-§ 1 h’i(f)) -—1j dr. (4.2.28)

SR
=

We note that the dispersion of low-frequency fluctuations 0% p 2t the output
0

of the nonlinear device is determined on the basis of (4.2.21) and the
equation

5V -2
a

S22~ B2 (0),— D3, (00}, = a2? Zu — I (v'

~0h

"
[ (4.2.29)

where the following relationships are considered:

r Fy—a—p
ZFJ (y‘a |81 Tv 1) = '.F_((,:_)___%[‘ g/ ~~“é;" )
Re Y :.}_’—_- 0, — 1,—-2,...;
e (y —a — P)+4:0, —1, —2,...;
T (1) = 1.

If we consider the band width of the integrating filter small in
comparison with the band width of process zO(t) at the input (ph(r, T)

changes slowly in comparison with Bz (T)b), we can expand ph(T, T) into a
0

MacLauren series:
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K
o 1) = 219760, 7)
3 :

and limit ourselves to the first term. We then produce

(4]

o2 (1) = 0, (0, 1) § 132, (20— Ba (o)1 . (4.2.30)

—s

In turn, ph(O, T) characterizes the area of the energy spectrum of the output
signal z(t) of the integrator (ph(r, T) is the autocorrelation function of

signal z(t)) when noise £(t) with even spectral density equal to 2 is fed to
its input (Davenport, Johnson, Middleton, 1952), and the integral

§ (5. (0 — B (o)1 dT

—0

defines the spectral density of the power of low-frequency fluctuations of
the response of nonlinear element zo(t)‘to the zero frequency (see (4.2.25)).

Considering (4.2.28), we can represent (4.2.30) in the form /122

(1) gy (*l) o, (0. 1) §
' ‘ i 7 (4.2.31)
X [2F1<"‘ ”T\_ ) —-”;4 y 17 1f1—/1(’£)> - 1] d"l:.

In order to perform concrete calculations using formulas (4.2.24),
(4.2.28) and (4.2.31), let us analyze in greater detail the operation of the
integrating filter (see Figure 54), in the overwhelming majority of cases
made in the form of a commutating RC-circuit (Kozhevnikov, Mescherskiy,

1963).

Let us determine under which conditions equation (4.2.1) is valid, what
errors arise during integration and how the frequency characteristic of the
integrator depends on the observation time T. Condenser C1 (Figure 56) is

charged over time T through charging resistor RS’ while the charge
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accumulated earlier by condenser C, is

discharged through switch Pl' Aftér time

2 interval T has passed, discharged condenser
P —h o C2 is connected through switch P, for
O
7 i N R S charging, and condenser Cs» charged to a
] { Ot
H ! certain level u(T) is switched to the
}i:[,er terminals of Pl’ etc. The charging resist-
ulll ance used is frequently a pentode operating

in the anode current cutoff mode and, in
many cases, acting also as a one-sided
limiter. However, these notes do not
influence the essence of the problem under
discussion.

Figure 56

The pulse transient characteristic of an RC-circuit can be written in
the form

== qe-xL,

where

or, considering the finite nature of analysis time T [see (4.2.7)],
et 0t T

]l(l‘,fl)-"{o t\(O,L>T (4.2.32)

Analysis of (4.2.7) indicates that in order for mathematical integration to /123
be performed for the response of the nonlinear device z(t) over observation
interval T, it is necessary that

I (t, T) = consl (4.2.33)

In the ideal casé, h(t, T) = 1. Condition (4.2.33) can be fulfilled
with varying degrees of accuracy if the following inequality is satisfied:

al <1,
(4.2.34)
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which gives us, when the exponents are expanded into series,

' ) n (1,1,),1 . )
e el e DY (= D) e (4.2.35)

and, as follows from (4.2.32),

L{, 1) ~a.
(4.2.36)

In practice, relationship (4.2.35) is frequently assumed fulfilled when the
following inequality is satisfied:

al < O, RC < 10T (4.2.37)

i.e. with sufficiently small time of analysis T in comparison with the time

constant of the RC-circuit -- TRC:

Tho == RC. (4.2.38)

Considering (4.2.35), (4.2.36), let us write (4.2.8) in the form

w(ry -2\ =a (4.2.39)

0

which corresponds, with an accuracy to constant factor a, with formula
(4.2.1):

w (7) = o U (1), (4.2.40)

This analysis shows that as conditions (4.2.35) and (4.2.36) are
fulfilled, the RC-circuit switched approaches a mathematical integrator. The
error in integration can be easily determined by applying constant voltage
z(t) = ¢ = const to the input of the circuit.

In this case, in correspondence with expressions (4.2.8), (4.2.32), the
output voltage u(T) is defined by the equation
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T
u(l) =c\ ae-etdt =c(1—e7), (4.2.41)
0

when inequality (4.2.34) is fulfilled, considering conditions (4.2.7),
(4.2.32) can be limited to the first three terms of series (4.2.35):

e—C(Tz-l___ 17t - 5 . 2
oL+ 05 (2T (4.2.42) /124

The error AS in the representation of even series (4.2.35) of n terms is
always less than the first discarded term a 1"

AS = !S—“Snl<| all-i-ll’

where S and Sn are the general and particular sums of series (4.2.35). 1In

the case at hand

zMS<:g%¥i, al <L 1.

Substituting the relationship (4.2.42) into formula (4.2.41), we produce

n 17
u(ly~oacT (1—T> = del — uA. (4.2.43)

With mathematical integration of constant voltage ¢, quantity u(T) should
increase linearly, which is characterized by the first term of the difference
in equation (4.2.43). Consequently, the second term of this difference
characterizes the error of integration using the RC-circuit. The relative
value of integration error is determined by the equation

S = = _‘-' 27 (4.2.44)

For the case aT =~ 0.1 [see (4.2.37)], § = 0.05. The output voltage can be
expressed using the relative error § [see (4.2.43)]:

w (T) == o ¢l = 2 cd. (4.2.45)
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Formulas (4.2.34), (4.2.44) and (4.2.45) reflect the contradictory nature of
the demands on the time constant of the integrating circuit Tpe &S concerns
accuracy and effectiveness.

Let us now determine the complex instantaneous transfer characteristic
H(jw, T) of the RC filter.

For small observation times, keeping in mind (4.2.9), (4.2.34) and
(4.2.36), we produce

. " ¢ " ! 1: jort =i
Hi(jo, Ty =~ 3 le(t, Tye*'d t zaS g-iotdt — g T (4.2.46)
—c0 0 M

From this last equation, considering (4.2.6), we can find the instantaneous
frequency characteristic CM(w, T) of the switchable RC-circuit (aT < 1):

G Y
SN
Car(w, Ty - [l (jo, T)| ~ul e . (4.2.47)
2
The instantaneous energy band Aw yy can be represented in the form /125
(:i,
.S C:':l (v, T) dw cr
Ci (N 1) A
0
or
AFe u 9:-21.:" H
(4.2.48)
in which we consider
li]ﬂ .S)ig'ﬂi o i_

R W
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The sign of approximate equality in formulas (4.2.48) is included on the
basis of relationship (4.2.36).

In the general case, the expression for the instantaneous combined
transfer characteristic H(jw, T) of the RC-circuit is determined by the
following equation [see (4.2.9), (4.2.32)]:

T
H ﬁo,]’::—ag e JoTe-xtd) = -vz—- | — g @=iT
( ) 5 “0[ . (4.2.49)

Where T - «~, expression (4.2.49) goes over to a stable transfer character-
istic H(jw):

" (1(0) = ’T—I_ITO .
Consequently, using the relationship
I (jo) 1 (== joy -~ [TT (jo) [ - C*{0). (4.2.50)

we produce a formula for the stable energy band AmeRC:

3

[de
ot
e o cdo = ——;
Argic - S -{ o2 20
0

Aw 1
AFQ!:C S o - "/j]'{c‘ . (4.2.51)

The autocorrelation function of ph(T, T) in this case is determined on the

basis of (4.2.25) under the condition that noise £(t) with even
spectral density Fg(w) = 2 acts on the input of the integrator:

3 . 1
on(t. T) = o S 2017 (jo, T) [ eiom dw ==

0

| 1] (jo, T)Peoswtdn, (4.2.52)

Oc/mg

where the signal spectrum at the output of the filter F (w, T) is recorded in /126
the form [see (4.2.2), (4.2.49)]:

Ei(o, T) - F(0)C2 (o, T) == 2] 1 (jo, T) .
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Substituting into formula (4.2.52) the expression for the instantaneous
frequency characteristic (4.2.47) in the situation of interest to us
(4.2.36), (4.2.39), we produce (Ryzhik, Gradshteyn, 1951)

T2 & < ,
ph(q:’ ,’[l) "~2-2 :E{—S .lf“—?LC 0s :2‘1-.,— L(ZI i j ('[ — _’.T_‘.)’
] : (4.2.53)

where 1 changes in the area of positive and negative values and

Function ph(T, T) can be found directly from the equation (4.2.15):

on(z, 1) = h(e, Ty (w—r, T)dv.

—_

Setting up the integration limits in consideration of (4.2.7), we can
represent (4.2.15) in the following manner:

T
S/L(u)h Fnydy 0T T
r

(4.2.54)

+
\/L vo-tydy — 1< v <0

N

and ph(T, T) = 0 where v > T; t < -T. The areas of integration for positive

and negative values of 1 are limited by four lines in the plane vot: Vv = 0;
v = T (change in argument h(v)) and v - v = 0; v - T = T (change in argument
h (v + 7)). Substituting h(v) = o into (4.2.54) [see (4.2.36)], we produce

On (Tv :‘P) - 7‘2]’ ([ _I]_I; I_} )

which corresponds to (4.2.53).

We note that these discussions are correct not only in the case of a
switchable RC-circuit, as described above, but also when realizations of a
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signal of length T each are fed to a noncommutated RC-circuit, following each
other with an interval no less than the time required for the filter to
recover from the preceding action.

Let us now discuss the approximate equation (4.2.30), which was produced /127

on the assumption of slow change in ph(T, T) in comparison with BZ ().
0

Since the correlation time of the fluctuations zo(t) has the order l/Afe,
where Afe is the energy band of process y(t), we can fix the conditions of

fulfillment of (4.2.30) for h(T, T) = a [see (4.2.36), (4.2.39), (4.2.28)] in
the form AFeM < Afe, consequently, expression (4.2.30) can be used when the

following relationship is satisfied [see (4.2.48)]

Afe? -0,5.
Jel' > (4.2.55)

In conclusion, let us analyze the case, frequently encountered in
practice, of a device designed to measure the summary electrical activity of
the brain (see Figure 54) with linear (quadratic) noninertial detector NID
and integrator I, made as a commutated RC-circuit, where oT < 1.

4
.%‘9

/

On the basis of formulas (4.2.24), (4.2.28), (4.2;36
produce the corresponding expressions. ‘

p—

, (4.2.53), we

1. The linear noninertial detector. v = 1:

T b .
l(.( ) == ~i(/1‘2':(: a7 3, (4'2'56)
22 T
() S @ —1eh e o de e
gy
ﬁ“ﬁiﬁgau—nﬁiwwn
0 (4.2.57)
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2. Quadratic noninertial detector. v = 2:

h ab ”
22 ([ ) = -—Z—U-TG“1 (4.2.58)
e F
o (1) = S aray | (0 — %) I () 47 =
=T
nbn_n T
i “3/5 (T — 1) R%, () d. (4.2.59)
0

In concluding equations (4.2.56), (4.2.57), (4.2.58) and (4.2.59), we
used representation of the hypergeometric function (linear noninertial
detector) by the first two terms of its expansion into a series (4.2.23),

giving in this case a good approximation for practical application (Levin,
1966)

-

o) 1 , .2
2l’1<_‘ 5. 1, /{go(r))z]_ oA

IGER)
and the relationship

L7 (—1, —1, 4, By (7)) =1 -k 12 (7);
1‘(!%}1)::1; F(2—+ ) Vi

&

2

We note that the mean value of the signal u(T) at the output of the inte-
grator after the quadratic detector (4.2.58) is proportional to the energy of
the process y(t) (electroencephalogram rhythm) during the analysis time T.

If we assume further that condition (4.2.55) is fulfilled, then formulas
(4.2.57), (4.2.59) can be written as follows [see (4.2.31)]:

a7

4t

o (1) == 358 R’y (v)yde, v==1;

(4.2.60)

<

(4.2.61)

/128
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Let us find further the relative error

Sy (7)

%)=

of process u(T) at the output of the integrator (for quadratic and linear
noninertial detectors). On the basis of (4.2.56), (4.2.57), (4.2.58),
(4.2.59), we produce

T L

S T) = {{ T~ (mad®, vt (4.2.62)
V3 (& T

6u(T) = _T_{S (T%’C)R?h (T) d‘f} , v =2, (4.2.63)

0

When (4.2.55) is satisfied, expressions (4.2.62), (4.2.63) are simplified
[see (4.2.60), (4.2.61)] and take on the form

3
1 . B
611 T O S N , == %
(7) Va7 t ]%”(T)df} v=1 (4.2.64)
o a1
/S5 p 2
ﬁu'verlgj ? (¢ =
(r) Vi lé 1y, () dT} ) V=2, (4.2.65)
where the integral

B-Ri(r)dr
0 (4.2.66)

characterizes the correlation time of the low-frequency fluctuations zO(t) at

the output of the nonlinear element, i.e. on the basis of equations (4.2.21},
(4.2.27'), (4.2.29) the correlation coefficient RZ (t) is determined for the
0

situations analyzed by relationships
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I

R, (v) = Ry (1), v =2
Ry (1) B2 (3), ve=1. (4.2.67)

Assuming for estimation of expressions (4.2.64) and (4.2.65) that the
correlation time of the low-frequency fluctuations of the magnitude are on
the order of (Afy) 1. where Afy is the energy band of y(t), we produce

6“,(.,[1)?: : ==, '\7:1; (4.2.68)

;/;A/J'

5(1 T == '-:::— ; A 2.
S T (4.2.69)

The experimental data show (see §4.1) that the energy band of the
o rhythm (y(t)) decreases with a decrease in the degree of emotional stress
of the test subject and in the state of rest (eyes open) is approximately
equal to 1 Hz (mean estimate for all test subjects participating in exper-
iments). Here, the error du(T) reaches its maximum (T fixed):

Suar (1) ~ 0,22, 7 =10 sec, v =1; (4.2.70)
Surt () ~0,44, T ==10 sec, v=~=2. (4.2.71)

On the other hand, the results of calculations of Gu(T) for the state of rest

of the operator, performed during processing of realizations of the output
process of the integrator (100 experiments, involving 25 persons) did not
exceed the quantity 6uM(T) [see (4.2.70)] in 95 of 100 cases. The volume of

each realization averaged 50 independent readings, the integration time
T = 10 sec.

The above allowed us to use the expressions presented (4.2.68), (4.2.69)
as estimates of the upper 1limit of relative error Gu(T), which could be

produced in situations of rest state of the test subject (eyes open).

Let us now determine the nature of the relative error Au(T), the
calculation of Gu(T) performed using approximate formulas (4.2.64), (4.2.65).

Considering that in the case of linear and quadratic noninertial detectors
Au(T) will be identical, we produced (for example, v = 1)

/130
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1 L
2

R} (0) dr}

z 2

33

wlr- =

(T—7) RS, () dr}

R T | |

1
) o
{ R} (x)dv

=1 —VT {2 .
F o ma (4.2.72)
0

As was noted above, as the degree of emotional stress decreases, the
spectrum of the o rhythm becomes concentrated into a relatively narrow band
of frequencies, beyond the limits of which the spectral density falls off
rapidly and becomes practically insignificant (Viner, 1963) for the rest
state of the subject (eyes closed). Therefore, in order to estimate the
behavior of quantity Au(T), we can use an approximation of the spectral peak

of the a rhythm by a I-shaped curve with the same energy band as for the
initial spectrum. We note that with fixed o§ and T, the dispersion at the

output of the integrator increases with increasing rectangularity of the
spectrum, leading to an increase in the relative error Su(T). Keeping in

mind the expression for the correlation coefficient Ry (1) in the case of a
0
rectangular spectrum with energy band Awy [determined from (4.2.25)]:

. hor
sin —
Aoy (4.2.73)
T2

Rllu (T) =

and performing integration, we can write the final answer in the form [see
(A.1.5)]

A (L) =

:cAm”T ' 11

'+"1 —{mmj;‘EOS’ 0 T) = (T C) = I (o175 s oy [ (42T

The graph of the change in relative error Au(T) as a function of quantity

126
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AwyT is presented on Figure 57. The integral in the denominator of

expression (4.2.72) is proportional to the dispersion of process u(T) [see

precise equations (4.2.57), (4.2.59)] and its value is presented separately
in Appendix 1 (A.1.6).

A%@ §4.3. Mean Number of Intersections of Zero
' Level per Unit Time
a3r
02 The results of processing of experimental
! material presented above (see §4.1) give us
at reason to believe that spectrum Fy(m) of process
7w T y(t) (o rhythm, 6 rhythm) is deformed (in form,
Yy . - . .
band width and position of spectral peak) as the
degree of emotional stress is increased.
Figure 57

Let us analyze the dependence between the
spectral density Fy(w) and the mean number of

intersections n(0) of process y(t) across the zero line per unit time. For
an arbitrary spectral form, we have (Tikhonov, 1966)

1

B

( S‘ (02/"1’—(({}\}1/(5) \

"“”:’4;(:?‘> e T
K § 7y @do (4.3.75)

0 /

where o§ and 05, are the dispersion of y(t) and its derivative y'(t)
(y(t) = 0). In the case of narrow band processes (Amy < wc), the spectrum of
which is concentrated about a certain frequency w,, by performing replacement

of variables w = w, =V in equation (4.3.75), we produce

1
(“‘) (f) —‘1—
; j vl (o, - v)de g et (0, -~ )y
n(0) = —{02-—20." e
ja4 [ o ) 4 .
S Py (o —e)de ‘(' P (0, -~ v)de (4.3.76)

—-Ch - -2

where the upper limits of integration are extended to infinity. Since the
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energy spectrum Fy(w) is concentrated in a narrow band of frequencies about
W= W, spectrum F(wc - v) is located in the low-frequency area. If,
furthermore, Fy(m) is symmetrical relative to central frequency w., expres-

sion (4.3.76) takes on the form /132

1

1 § »2F, (0, — v)dv
n(0) = {0+ = -l
§ F (0,—v)dv

—CC

(4.3.77)

and the integral

S vl (0g—v)dv = 0.

22

Consequently, the quantity n(0) is determined by the ratio of dispersions of
process y(t) and its derivative and depends both on the form of the spectrum
and on its location in the frequency area [see (4.3.75), (4.3.76), (4.3.77)].
It can be shown, for example (Tikhonov, 1966) that for a fixed spectral

characteristic Fy(w) of the normally distributed stable random process y(t),

the mean number of intersections of the zero line per unit time n(0)
increases with increasing mean frequency of the spectrum -- W and its energy

band -- Awy. If the parameters W, and Awy do not change, the value n(0) will

be higher, the less the rectangularity of the spectrum, as a result of which
the influence of high-frequency components increases. We note that the mean
number of intersections of the zero line N(0) in analysis time T can be
determined from the formula

[~

R LA
.‘\v (O) B 7 (O) = ?‘:~ ('*2-'-} . (4.3: 78)

Yy

Thus, in our case, the problem of estimation of n(0) or N(0) is reduced to
the problem of estimation of the dispersion over a finite observation

interval T. The relative error in measurement of the process at the output
of the integrator in the general case is represented by the expression {[see
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(4.2.12), (4.2.15), (4.2.26)]:

S‘s’ Ro(eYh(e, TYh(v |-2, 1) (_IJ;(ZI) .
SulT) =477 - T
OIS M h(e, TYh(r, TYdvde

-—00

For known characteristics of input action z(t), we can find an optimal form
h(x, T) for which Gu(T) will be minimal. In the case when the autocorrela-

tion function Rz(x) is not precisely known, the optimal smoothing filter is a /133
filter, the imptilse reaction of which is equal to a finite, constant quantity

over the integration intexrval (Davenport, Johnson, Middleton, 1952; Fel'dman,
1962). These conditions are satisfied, for example, by an integrating filter
with an impulse characteristic of the following form (ideal integrator)

(30 UCUCT

h(t,T) =
lo o>t (4.3.79)

and by the commutating RC-circuit analyzed in §4.2 (approximately, to the
extent to which inequality oT € 1 is fulfilled). A block diagram of the
device for measuring the dispersion of process y(t) and its derivative
yl(t) = y'(t), keeping in mind that which we have stated above and the fact

that the mathematical expectation of the response of the quadratic detector
is proportional to the dispersion of the input action, is shown on Figure 58
(see §4.2). Signal y(t) and its derivative at the output of the differ-
entiating circuit DC pass through the quadratic noninertial devices NID and
arrive at integrating filters I. In the general case, the autocorrelation
function RZ(T) of the response z(t) of nonlinear element NID is unknown;

therefore, the pulse characteristic of the integrator is determined by
expression (4.3.79). If we further subdivide one output of smoothing filter
ul(T) by that of the other u(T), we produce an estimate of the quantity n(0).

Further discussions are performed where possible in general form,
although where it is required to make the problem more concrete, references
are made to the characteristics of the a rhythm.

Input action y(t), a result of the passage of the EEG through the
corresponding filter of the spectral analyzer with its rectangular frequency
characteristic (see Figure 47) will be assumed as before (see §4.2) to be a
narrow band normal random process (a rhythm). We note that the derivative of
process y(t) is also distributed normally.

The o rhythm spectrum in operator states not strongly differing from the
state of rest is concentrated in a narrow band of frequencies and rapidly
falls off beyond the limits of this band which results on the one hand from
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the nature of changes in the spectrum
itself (Viner, 1963, 1961; see §4.1), and
L - on the other hand by the frequency proper-
o ﬁﬁ?ﬁfiﬁlptf_}iﬂi ties of the selective Il-shaped system.
[Dg:] - When the degree of emotional stress of the
- test subject increases, the o rhythm

_IE”kH”/lNHJ,ﬂHV{:gi}ﬂﬁl spectrum is "spread” (see §4.1) and at the
limit (high emotional stress, spectral
Figure 58 peak disappears or is only slightly

expressed) its form is approximately

determined by the frequency characteristic
of the spectral analyzer filter (see Figure 55), which separates the required
band of frequencies from the EEG.

In order to trace certain interesting regularities, let us approximate
the spectrum of the o rhythm on the basis of the above by a II-shaped curve.
The energy bands of the idealized and actual spectra will be assumed equal to
Awy. In this case, on the basis of (4.2.25), (4.2.73), (4.3.77) and

relationship
By () == BBy = — B3}, (1)
we produce (see Figure 58)
B(v): 3tit,(v)cos O (4.3.80)
By, (1) == — 5y {12y, (1) = 0/, (1)] €0s 0t — 2i0s /2y, (7) 510 0 Th. (4.3.81)

Let us represent equation (4.3.81) in the form of the product of two rapidly
and slowly changing terms [see (4.2.2)]. We note that this representation of
the autocorrelation function in the case of a spectrum with rectangular
envelope is correct with any We and Awy. Consequently,

L, (1) = 2R

W

(v) cos [wr — ¢ ()], (4.3.82)

e

where Ui is the dispersion of process y, (t);
1

. SR, (1) — R (O] 4 20,0 (oY S (0]

jl)'h., (‘L) = -_'._{_[.f_‘. .!”’,.( .). . ~'L(,___»,__[_ __'"(_,__ AR ._"_-.;fo i

9 2
61/1 GJ/l

(4.3.82")
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P (1) = 032y, (1) — Ry ()1 - [200cBy, (D)1

, (4.3.82")
. 20,1, (r)___
tg fP(L') — &)glfuok(r-)-;.-/i;';/g (T) ’
Aoyt PR (1)
sin»-—"z*—— ) , rIRH0 (%) i » - (__ 1o AT
Ly, (1) = -A(—'JJT___ » Ay, (1) == Tdv Ly, (V) = det 7
2
The mutual correlation function By y(T) of processes yl(t) and y(t) is /135
1
By () = — By, (v) = By (v) =
= o { R, (T) 608 0T — Ry, (T) SinwT} ==
= 5,5, pove (T) €08 [T - P (T)],
(4.3.83)
where
sy Al 1, (OF o e, (OFY" &Sl ()"
I e (T) == AT et YA T i 2o
s () 5,3, 5,9, (4.3.83")
Pinano (T) - = {170, (V)] 4 [0e T2y, ()T} ,
012y, (1) (4.3.83")

tg () = 7w
o

With a narrow band action (see §4.2), the high-frequency components of the
response z(t) of the noninertial nonlinear element have practically no
influence on the integrating filter, so that in the following we can analyze
only the autocorrelation functions BZ (t) and Bz (t) of the low-frequency

0 10
components at the outputs of the quadratic detectors NID. Assuming in our
case a =1, b =2, v =2 [see (4.2.21), (4.2.27')], we produce

By (t) = 511/]1)?/0 () (4.3.84)

])72:0 (C) == 5?/11{‘!2110 (T)‘ (4.3.85)

The mutual correlation function of processes zl(t) and z(t) is determined by

considering the normal distribution of y(t) and its derivative as follows:
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—_— - —_— = n o s (4.3.86)
Ba,, 2 (T) = 512 = Y11 y-y= = 2 [1y:1° -+ Y2y = 2B, (7) + 53,55,
where 1z, (f) = oy, z ({) = 054 [see (4.2.21) where t «]. On the basis of
(4.3.83), (4.3.86), the mutual correlation function of the low-frequency
components zo(t) and zlo(t) is expressed by the equation

B,Zmz (T) == Z10%0c = G?Ilc:j]%fhoyo (T) “{— 5‘1‘2110?/' (4 . 3. 87)

The mathematical expectations of output signals of the integrators u(T) and
ul(T) over analysis time T are equal to o2 and o2 respectively [see

1
(4.2.24), (4.3.79)]. The dispersion of the derivative of the input action

yl(t) can be found from expression (4.3.82) where Tt = 0; however, in this

case it is simpler to use the spectral representations for (4.2.25), /136
(4.3.75):

- Amy

¢ 2
a t o P 'A 1.2
Oy = 57 S 2802w = Sy ((og -+ ‘T(?,E/>’
Amy (4 .3, 88)
T T

where ZSO is the spectral density of y(t), constant within the band Amy:

Am;/‘
P S

. e 5

&} = o 28,dw = =2 Ao, (4.3.89)

The calculations of dispersions of processes u(T) and ul(T) using precise
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formula (4.2.28) yield rather cumbersome expressions!. In the following we
will use approximate equation (4.2.31), which is correct in situations of
interest to us Af T > 1. On the basis of (4.2.53), (4.2.54), (4.3.79),
(4.3.82'), y

(=1t <7

.()h ('U, Ill) '_’:{ m?
0 lv1>1 (4.3.90)

therefore (a = 1, b = 2, v = 2)
) ¥
6o (T) == o} 7“5 R (v)d;

b

(4.3.91)

" o . o (s F)
3 (1) - s_,'l—,?.g R (t)dt = o -2\ 12 (v) dr.
1) i (‘) / i _[ . u ( ) (4.3.92)

Calculations using formulas (4.3.91), (4.3.92) are performed in Appendix 1
(A.1.2) and Appendix 2 (A.2.5), (A.2.11):

N R PTG
su (1) = (1 R

Ao, 1 207 800] (4.3.93)
2 25}1"‘: .
”“(I)T:AuwT ; (4.3.94)
The-analysis of expressions (4.3.93), (4.3.94) shows that the dispersions /137
Gﬁ(T) and oﬁ (T) depend on the quantities AwyT and approach zero with

1
unlimited increase in the latter.

Let us represent the mixed second moment Buu (T) of signals u(T) and
1
ul(T) at the outputs of the integrating filters in the form

1" Determination of the dispersions of processes u(T) and u; (T) using precise
formula (4.2.28) in the case here being analyzed can be performed on the
basis of the expressions presented in Appendices 1 and 2 [(A.1.5) and
(A.2.20)], where the corresponding integrals are calculated, allowing us to
estimate the errors arising when approximate equation (4.2.31) is used.
Formulas (A.1.5) and (A.2.20) are correct for narrow band and broad band
processes.

133



Bua (1) = @ (1) 1 (1) — @ () 1 (7).

Keeping in mind (4.2.8), (4.2.12), (4.2.15) and (4.2.30), we can write

oo

Bu (1) =l e Y0 o, 1) 5T ==0) 2 (0 20) dudv —

“ S ()2 (), Tyh (v, T)dudo —

= o, DB () = 5D 2 (01 dn,

— 0o

(4.3.95)
in which we have performed replacement of variables u - v = 1.

Considering further the narrow band width of input action y(t) and
equations (4.2.55), (4.2.30), (4.3.87), (4.3.90), (4.3.83'), we produce

o

B (T) = ot 2\ 12 (rydr - of .2
Uy My Wi s e (T ]
g é e K 5 B (7) 07 (4.3.96)

Performing integration, we find the final result [see (A.2.13)]:
Bum (7‘) == ~_T[_Uh'_} _A;_ __\‘(1‘) '
L\(ﬂ“l _ 12(.):‘: (4. 3.97)

In the following, assuming in our case Aw < w,s We will approximately

consider signal u(T) [or ul(T)] random

T
gy [

u (T == —7;-\ y2 (1) di
1]

distributed normally, with parameters u(T), oﬁ(T) (or ul(T), oi (7))
1

where AfyT > 1 (Slepian, 1958).
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The distribution function wz(yl,...,yn) of a certain set of transformed

random quantities uy,...,u, can be generally found from the known joint

n

probability density wl(xl,...,xn) of the initial random quantities v A and

12"

Jacobian of the transform upon transition from variables X s++5X, to variables

YyseeesYy In many cases, with a large number of variables or with rather /138

complex functional dependences between initial and transformed random
quantities, the usage of the direct method represents considerable computa-
tional difficulties. Therefore, we will use an approximate method for
evaluation of the distribution and its parameters as applicable to the
quantity nT(O), which is random over observation time T and is a function of

the random argument ul(T) and u(T):

oL
nr (0) = o {0 (4.3.98)

Suppose we have the function v = ¢(ul,...,un) of random quantities u cesU . In

1’
this case, when the masses of the distribution probabilities (ul,...,un) are
concentrated mainly in a small area around point A (U, ,u,,...,u.) -- the

1 n
common center, we can replace function ¢(u1,...,un) with the linear terms of

its expansion into a Taylor series about point A with a certain degree of
approximation (Smirnov, Dunin-Barkovskiy, 1965):

n
o _ 11O _
G (ug ) = (i, ... d,) |- }‘ s (g — ).

4 i
Y (4.3.99)
In the partial derivative a¢/8ui, argument (ul,uz,...,un) is replaced by
(uj,u,,...,u ) respectively:
(Pl’l,i ('l-l'l_~g RN 2771) = glig .

Thus, if the distribution density of arguments u S is normal, we can

12"
assume approximately that the distribution density of the probabilities of
function ¢(u1,u2,...,un), a linear combination of the normally distributed

random quantities (4.3.99), is also normal. The parameters of this
distribution are determined on the basis of the theorems on the mean value
and dispersion of a linear function of random quantities:
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0 = Pty thn) = (AT ... T (4.3.100)

n n

2 99 dg

Gu"“';hz?bu 3u; (w; — 1) (1 — @), (4.3.101)
where (¢, — &) (uJ—~ZL)~—LLuJ——lLu]-—.B” is the mixed second order moment
of quantities uJ,u , where Bij [see (4.3.86), (4.3.95)]. For an

estimate of the parameters produced we can use the first three terms of
expansion ¢(u1,u2, . un) into a Taylor series about point A:

O (Uy oo ) 2 @ (Bl 1) - 2 i (0 — )

i=1
n n

+ o Z 2‘1 E)u Ou (‘ll lﬁi)(nj o /ﬁj)'

Let us introduce for simplification of our inscription the centered quanti- /139
ties U. = uj - u., where (for normally distributed arguments ul...un)

- J n on

== (3 v == (94491, - 7> Ti'-

0l ) = (T }JZUN oy Uil (4.3.102)

n n n o n nn

PR A atT AP v . 1 Oq'l dap
%= 2 L g g Uil TZZZX;N S, OO (4.3.103)

where
TUU, =0, UUU0U, = Biilny + By + DBy,

Correspondingly, the relative errors in determination of mathematical
expectation §(v) and dispersion 6(02) due to linearization of the function

¢(u1...un) can be estimated using the formulas
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6(v) = R & (4.3.104)
¢ “c'””‘?l) + 2 Zl 2 Ju; du] Pij
[ [E53] ]_
k13 n n )(P
¢
—-Z.I 2 Z >J D (}11] du, r7ltl (Biplsp - BjBix - ByjByi)
6(5'2) . R —1_) ]}'—11 l_ ) B
[2F S I n ﬁ‘[’ (7([‘ n 7 n n & (P
Zl 2J T dI(J T3 __—Zl 2.I Zl >.J 0i; ()u_., X (4.3.105)
i==1 j-=1 i=1j=1 h==11 -1
a*p
X giaw, Tl A BB+ Bidhir)

We will assume further that in our case AfyT > 1 (dispersions (4.3.93),

(4.3.94) are rather small), we can use the expansion of function (4.3.98)
into a Taylor series about point A [u(T),ul(T)], and limit ourselves to

linear terms. The errors in calculations of v and 03 thus produced can be

evaluated on the basis of equalities (4.3.104), (4.3.105). The mathematical
expectation of the quantities nT(O) is determined from (4.3.98) on the basis

of (4.3.88), (4.3.89), (4.3.100) considering inequality Amy < w,*

1
———r i a roj T o8 1 A(-)?
nyp (0) = o {(')c r *12’!} o (1 i “_,,“ml—l> (4.3.106)
The dispersion nT(O) in this case is represented in the form [see (4.3.101), /140
(4.3.97)]:
2 Jlﬂ[fz"ﬂ)_ n 20[11T (0>1_' a;w B, -+ {a [np o)l} 5t
du du diy duy 1 (4.3.107)
B‘ij == I}”:l“ B 63‘
: ' j
Let us find the coefficients of expression (4.3.107), determined by the
partial derivatives of function nT(O) of random quantities u,uy [see
(4.3.98), (4.3.99)]:
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o . N A R l--,:l]—l_(wi%»%’).
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u 42yt 42
o )
-1 !
{a [np (1) { | T ® } [ I YA
duy 21 | u T 4oy u - -4:(25; We - 12 4
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d T = s = —_ - — —
u Ouy 4207 “ 4:[26;
Consequently [see (4.3.107)],
Q Am?l
5 Oc 3 25t x 9 2am2s! An?
o = . A = ey 1 __i_ oy .
45t Aw 1 4?{35}/ \U)ul 12 B
Aw 1 Acw? Aw?
g —2 215wl |1 - —L
¢ 12 vre RION 80 m(‘f
Rl Y
) 1.\(:)?, AG),‘I 1 /f\c):-’; (4.3.108)
(O Bl et A2 | = L e
¢\ 30 1800} ) u < 3 180w? )
B / Aw? T ”M“Am‘fj .
2."&.\(0”7' kl Ty 2n8o, 7 <1 *-,;)
! R2o; y 12 o

If we ignore the term Aw§/180wi for narrow band processes, formula (4.3.108)

can be represented in the form

2 Aol
On = B ' A2 o =t - N
0% AYON
61\ T (1 - ;-‘;I-> GG T (1 o ,i“-”_) (4.3.109)
v ' 12(!)'_ y ! ]2(02
[H
Thus, in the case at hand, expansion of function nT(O) of random quantities /141

u(T) and ul(T) into a Taylor series, the mathematical expectation nT(O)

corresponds with expression (4.3.75) for the mean number of intersections of
the zero level per unit time (unbiased estimate; see Chapter 4, Introduc-
tion), while dispersion oﬁ (4.3.109) decreases in proportion to observation

time T (consistent estimate; see Chapter 5, Introduction). The distribution
of nT(O) is assumed approximately normal on the basis of the above.

The errors in calculation of mathematical expectation (4.3.104) and
dispersion (4.3.105) are calculated in Appendix 3 [see (A.3.4) and (A.3.7)],
and are determined by the expressions (estimate of accuracy of linearization
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o
L
PR Sy T (4.3.110)
6(5‘721) = **—[ . .
“g‘ Au)”T + = (4.3.111)

In the general case, the dispersion of the mean number of intersections of
the zero level per unit time will depend not only on the energy band, but on
the form of the spectrum of the process being analyzed. Investigation of the
behavior of the error (4.3.107) with arbitrary spectral functions is complex,
and even for concrete situations represents computational difficulties.
However, on the basis of several works (Tikhonov, 1966; Klokov, 1964), we can
assume that for sufficiently high values of time T, the error in calculation
of the mean number of intersections of the zero level by process y(t) with
various spectral forms (Klokov, 1964) will not differ significantly, and that
in this case the expression (4.3.108) can be accepted as an estimate.

The results produced were used in a special series of experiments -- 20
experiments (ten test subjects, selected as a function of clarity of
o rhythm), where the degree of emotional stress was determined either by the
skin galvanic reaction or by the introduction of a game situation (see
Chapter 2). The difference between the significant and any of the insignif-
icant signals in a series of six stimuli was investigated, where when the
former (significant signal) was used the dispersion of the mean number of
intersections of the zero level was determined approximately by the pass band
of the spectral analyzer filter (separation of o rhythm) with a rather
rectangular (see Figure 55) frequency characteristic (limit case), while for
the latter the band was estimated as about 1 Hz (time of appearance of each
signal T did not vary during the process of the experiment). In comparing

the two values n. i(0) and N k(O), where the i-th situation corresponded to /142
3 >

the effect of the significant stimulus, the normal distribution was used for
quantity q:

S
g5

where D is the difference between the i-th and k-th estimates of the mean
number of intersections of the zero line by process y(t), each of which was
additionally averaged for 6-10 realizations of the signal (see Chapter 2);

0% is the sum of dispersions corresponding to the i-th and k-th situations.
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The processing of the material produced showed that in 13 experiments
the significant signal was separated unambiguously: (nr, ; (0)>nr,£(0)), ¢>15,
while in two other experiments, a group of two signals was defined,
containing the significant stimulus. In remaining experiments, the reli-
ability of differentiation was low. For the normal distribution, parameter

tB = 1.96 corresponds to the probability 1 - 28 = 0.95 of determining random

quantity q in the interval £1.96 in testing the zero hypothesis
(Van der Waarden, 1960)

nr, i (0) = 7ng; (0) = 0.

The preliminary results produced, probably, could be considered satis-
factory, considering the degree of approximation of the estimates and the
game nature of most of the situations investigated , in which the test
subjects could vary their attitude toward the incoming signal stimuli within
certain limits.

However, the data produced do confirm the fact that for a sufficiently
reliable evaluation of the state of the test subject, it is desirable to have
a variety of physiological signals.

140



CHAPTER 5

FREQUENCY OF HEART CONTRACTIONS

ABSTRACT. The auto-correlation functions of cardiac rhythm
are analyzed, and it is determined that after a steeply drop-
ing initial sector, this function fluctuates in a complex
manner about the abscissa as pulse frequency varies with
respiration and emotional state. An electrical analogue for
vagus nerve inhibition is presented. Experimental modeling
of the influence of emotional stress on cardiac contraction
frequency by digital computer is described.

Introduction

The cardiac rhythm is frequently used in practice to estimate the degree /143
of emotional stress of the test subject. The nature of the change of heart

contraction intervals TR—R is rather complex even when the operator is at

rest. On the one hand, slow variations in the value of TR—R may occur with a

period on the order of one minute or more, while on the other hand -- rapid
changes in TR—R may occur, resulting primarily due to the influence of

respiration on the cardiac contraction frequency (respiratory regulation).

Frequently, the operator state is estimated using a sampling mean

interval T(R—R),T or the mean frequency of the cardiac rhythm fc,T:

N
= |7 - R 1
/&T“[/UfRLT]I"[fV T n MJ] ;
i=1
N

. 1<,
](R—RLY"4if‘:S f&R—RLL

i==1

.
determined over a certain time sector T, where Y‘L‘Ejfuhn)u The averaging
iz-1

time T is selected on the basis of the experimental conditions and the
required accuracy for estimation of fc T (oxr T(R R) T), and in many cases is
> - >

characterized by quantities on the order of one minute and longer. The
influence of respiratory regulation on the frequency of heart contractions is
smoothed to some extent due to averaging for several respiratory cycles. If
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we assume in this case that it is possible to use the results of the theory
of stable random processes, we can analyze problems of convergence of the
estimates fc,T or T(R—R),T’

Let us determine the sampling average Xy as the arithmetic mean of

N random quantities X3

where X, is the value of the sampling function x(t) of the probabilistic

process, which is ‘stable in the broad sense, at the i-th moment in time, or

the i-th value of the sample of random quantity x. We know that the /144
mathematical expectation of the sampling mean XN is equal to

!
&
i
)~
™
s&l
I
i

the mean value of the probabilistic process being studied (or the random
quantity). The statistics for which the mathematical expectation is equal to
the quantity estimated is called an unbiased estimate; therefore, the
sampling mean is an unbiased estimate for the mean value.

On the basis of the equalities presented, the dispersion of the sampling
mean oz(xN) can be represented in the form

N

"N I
a T T LT T g~ —— A9
G* (J,‘,;;) == (.,13_\' —_ J/) (.’r_,\' — 7;) s K5 Z 2—1 [J.'i.'(/'j] - (Jz)z.
it jesl

For our subsequent discussions, we require information on the correla-
tion between the i-th and j-th samples. Let us assume that the readings are
correlated rather strongly and that we can consider approximately
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for all values i,j. In this case

1 N N
2 (o . N T - Y
Fen) =2 2 lndy — (2] = ok,

i-=] j=1

Consequently, if the samples are strongly correlated, regardless of
their number the dispersion of the sampling mean is approximately equal to
the dispersion of the probabilistic process being analyzed (or a random
quantity). In this case, a single measurement gives an equally good (or bad)
estimate of the mean as any number of measurements.

With uncorrelated readings

Therefore

" a;
S (o) = 2%

It follows from this equation that with unlimited increase in the number
of measurements N, the dispersion of the sampling mean approaches zero: /145

lim o (x) - 0.

N>

This latter represents consistency of estimate Xy-
In order to make a judgment concerning the degree and nature of
correlation couplings between the i-th and j-th samples, we must know the
correlation (or normalized correlation) function. As an example, Figure 59
shows the two normalized correlation functions RT(n) of intervals of heart

contractions TR-R (solid line and dotted 1line), the values of which [RT(n)]

were evaluated using the formulae below (N = 450), from experiments with the
operator in the state of rest (eyes open):
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N \ [Tue Ry, i T(R R), 1][f(R Ry, (i-n) T(R R). 7]
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N—=mN Tpry.i— T my, 71°
i=y

The value of n characterizes the shift in function RT(n) in the number of

intervals TR—R: n =1,2,3... and for stable processes n = i - j.
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Figure 59

It follows from analysis of Figure 59 that the autocorrelation functions
have a rather steeply dropping initial sector and subsequently, attenuating,
fluctuate about the abscissa, with rapid oscillations superimposed on slower
oscillations. This characterizes the structure of the process investigated,
which was mentioned above, although in the case of the function RT(n), shown /146

on Figure 59 by the dotted curve, we can hardly explain the rapid fluctu-
ations only by the influence of respiratory regulation.

According to the x2 criterion, the hypothesis of normal distribution of
R R for states differing slightly from the rest state, which can be judged

from the change in the mean interval AT, of heart contractions

R-R
ATy < (0,1--0,15)7Tx_p, in most cases does not contradict the experimental
data.
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The nature of changes in the heart rhythm (EKGZ) and respiration (Rz) in

the realizations (N = 450-500) for which calculations were performed is shown
on Figure 60.

EK
‘P"—"f\'”l’ﬁ""’”‘- [P . J',v "'J‘r“ _l.x__\ __‘l'\_.\____l",.____t'.,\_ __lf/.____;'_,"_-)/‘__‘__lr 1
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Figure 60

In a number of cases in order to produce supplementary information

usually lost with long averaging times, it is desirable to estimate TR—R

using short time sectors T = (3-10) sec. This problem may arise with
continuous tracking of the operator state where the operator is under the
influence of signals (stimuli) varying in length and nature. The averaging
time in this case is determined on the one hand by the minimum time of action
of the signal, and on the other hand by the nature of the reaction of the
test subject to various stimuli.

Experience shows_that one of the principal factors influencing errors in
the determination of TR—R (or fc) for short realizations is the respiratory

regulation. Let us analyze the graphs presented on Figure 60. Quiet,
shallow breathing (RZ) causes relatively slight deviations in the heart

contraction intervals (EKGZ), while an increase in the depth and change in

the nature of respiration (Rl) may cause noticeable fluctuations in the value
of T}}_R (EKGl), sometimes amdunting to one-half of the mean value (Clynes,
1960).

It was shown above that if the process whose values are the interval
TR—R can be assumed stable (see Figure 60, EKG,, R2), the dispersion of the

sampling mean o2 (T evaluated through short time interval T (samples

(R-R),T)°
considered correlated, see Figure 59) is approximately equal to the disper-
sion of the process itself 02(TR_R). If we assume in the general case a

/147
rather arbitrary change in respiration with various operator states, as we
have already seen, at least the dispersion of heart contraction intervals
TR-R will depend on time and will be determined by the nature of respiratory
regulation. In this case, the concepts and methods from the theory of stable
processes can hardly be applied.
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High emotional stress usually causes significant changes in quantity

Tk—R in comparison with the rest state:

ATg 1» > (0,3~ 05) Ty n.

Here, the interference resulting from the influence of respiration in most
cases can hardly have essential significance. There is principal interest in
the situation of comparatively slight emotional stress (or other states), for
which the errors arising resulting from respiratory regulation in the

estimation of Tﬁ-R for short realizations are rather great and may be

comparable to the change in the mean interval of heart contractions ATR—R

upon transition from one state to another.

Experiments show that the error in measurement of TR—R over short time

sector T increases with increasing depth and rate of change of respiratory
waves (see Figure 60) and reach 10-15% of the mean value in the state of
operator's rest, which is comparable to the changes in the quantity ATR—R
(signal) with slight emotional stress (ZTﬁ—R < (0'1-0'15)Tk-R)'

These discussions show that in order to decrease this error it is
necessary somehow to compensate for the influence of respiratory regulation
on fluctuations in cardiac rhythm. This requires analysis of physiological
information concerning the operation of the heartbeat frequency regulation
system.

§5.1. Physiological Regulation of Heartbeat Frequency

The complex, multi-loop regulation of the cardiovascular system is
under the direct influence of emotional factors and is an autonomic function
of the nervous system, involving the participation of both sympathetic and
parasympathetic sectors. Like the other functional systems (in this case we
have in mind the internal motor system), the cardiovascular system has
proprioceptors, informing the brain of the movements and principal physical
conditions of its operation. The extension receptors are contained in the
carotid sinus (a special nerve junction in the area of the arc of the aorta /148
and the branching of the carotid arteries) and in the aorta, as well as other
pressure-sensitive areas of the cardiovascular system. In contrast to the
system of skeletal muscles, the cardiovascular system automatically repeats
its motor acts, requiring no conscious effort. This rhythmic activity,
necessary for continued existence of the organism, is apparently provided by
nervous-muscular properties similar to those causing periodic generation of
electrical impulses in the neurons and muscle fibers. A small nervous-
muscular structure in the heart -- the '"master oscillator" -- is the source
of the repeated excitation, but the frequency is adapted to the requirements
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of periodic muscular contractions. The excitation of the human heart occurs
approximately once per second and does not correspond to the frequency of
neuron activity, which varies between 50 and 100 Hz. The pulses of the
"oscillatoxr'" propagate toward the atria and further along the central nerve
fibers of the heart to the ventricles, causing contraction of the cardiac
muscle.

The frequency of heart contractions determined by the '"master oscil-
lator," is subjected to regulating nervous influences. Pulses arriving on
the fibers of the vagus nerve decrease the frequency of the "master
oscillator of the heart"; this influence is looked upon as a parasympathetic
process which is achieved through acetylcholin. The influences of the pulses
of the sympathetic fibers appear as an acceleration of the work of the heart,
which has an important role to play during hard work, emotional stress, etc.
Even under normal conditions in the state of rest there is a certain tonus of
the vagus nerve, so that the frequency of heart contractions is lower than
the frequency of natural oscillations of the 'cardiac oscillator,'" which
would be observed without the inhibiting influence of the vagus nerve. A
change in this delaying influence of the vagus results from various reflector
paths. The pressure in the area of the carotid sinus and receptors of the
arch of the aorta, extension of the receptor zones around the right atrium
and lungs, as well as in the muscles of the thorax result in the presence of
constant reflector influences which directly change the summary influence of
the vagus on the work of the heart. The vagus effect may be increased by
other reflexes which have no influence under normal conditions, for example
the reflex arising with strong pressure on the stomach or pressure on the
eye.

As a ‘result of the regulatory influence of normal reflector mechanisms,
respiration has a noticeable influence on the frequency of heart contrac-
tions. This effect is quite different than the influence of respiration on
the heart resulting from the comparatively slow changes in the content of /149
oxygen and carbon dioxide in the blood, transmitted through the chemo-
receptors.

The influence of respiration on the work of the heart is achieved
through vagus regulation; this can be shown by injecting atropine into a test
subject, thus eliminating changes in pulse frequency related to respiration
(Clynes, 1960. 1In the general case, as follows from the above, the frequency
of heart contractions is determined simultaneously by influences on the
"heart master oscillator' of the parasympathetic (retarding) and sympathetic
(accelerating) segments of the human nervous system.

§5.2. Model of Control of Frequency of '"Cardiac Master Oscillator"
The physiological information on the work of the cardiovascular system
allows us to represent the process of control of the frequency of the

"cardiac master oscillator' as the result of influence on its parameters of
regulating signals arriving through the sympathetic and parasympathetic nerve
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fibers. Thus, the effect of acetylcholin (vagus regulation) can be looked
upon as a factor having a parametric influence in the circuit, determining
the oscillating mode of the '"oscillator."”

The observations of Otsuka (1958) have shown that
7jkil the initial action potentials of the 'cardiac master
Lg : - oscillator,” determining its excitation frequency, can
be approximately represented as sine waves. The

parametric control of the frequency of a sine-wave

Figure 61 oscillator can be described by the Hill equation.

Let us analyze as an example an RLC circuit
(Figure 61) in which the resistance, inductance and
capacitance change with time:

R=DRy+r(); L=1Ly+1(); S=1/C =S, + s (),

where r(t), Z(t), s(t) are variable terms, while RO, LO’ S0 are constants.

Also, we will consider that the constant terms are greater than the corre-
sponding amplitudes of the variable terms:

So>|s(U) s Lo > () [ Ro> | r (1)1,
The differential equation of free oscillations in this circuit will be /150

LO L (g AN do , S
P ) R fe=o

if we take as the initial function the charge of condenser Q where
up = d/dt[L(dQ/dt)] is the voltage across the coil; up = dQ/dt (R) is the

voltage across the resistor; Ue = Q/C is the voltage across the condenser.

We produce further

A(Ddt

, 1
([f-}-%—) S A () e B T Q)= (e o)

Then, the equation for free oscillations of the condenser charge will
take on the form
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dE O H e @]e=0.

Introducing the symbols

dA 1

1 s
I8 (l) Y C _"/;‘ *'l“(l) - a—U (t)7

we produce the differential equation

ol

L la—u ()] =0, (5.2.1)

which establishes the dependence of the oscillating mode in the circuit on
changes in its parameters R, L, C and is called the Hill equation. In the
general case, equations like (5.2.1) arise in describing systems whose
parameters change under the influence of external excitation. As applicable
to the problem here being analyzed concerning the influence of respiration on
the frequency of heart contractions, oscillating function x(t)} describes the
change in the initial action potential of the ''cardiac master oscillator,"
the moments of excitation of which will correspond in this case to maximum
values of x(t), determining the breakthrough of the physiological membrane.
Parameter a determines the mean cardiac rhythm frequency, while function u(t)
characterizes the influence of changes in vagus inhibition resulting from

respiratory regulation on the '"cardiac oscillator." An equation such as
(5.2.1) was used in the work of Clynes (1960) in a study of changes in the
interval TR—R arising as a result of respiration in a test subject at rest in

the standing position.

In the case u(t) = 0, the solution of equation (5.2.1) can be repre- /151
sented in the form of a periodic function

J:A:Ccoiﬂfgl-FQ),

where C, ¢ are the initial amplitude and phase of the oscillatiomns, the
frequency of which ch is described by the equation

(5.2.2)

' -
/co = H '/(1.
We note that as applicable to this parameter, the case u(t) = 0 corresponds

to constant parameters RO, LO, C0 of the oscillating circuit, which char-

acterize the stable oscillating mode of the oscillator.
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It was stated above that for a certain state of the operator, the
frequency of heart contractions fC is determined by the joint influence of

the sympathetic S and parasympathetic U segments of the nervous system on the
frequency of natural oscillations of the 'cardiac master oscillator”fO

Jom=F(U, S, [y). (5.2.3)

We will assume further that the i-th state of the test subject over a rather
short observation time is stable or changes little, so that the resulting
deviation in cardiac contraction intervals is slight in comparison with its
i-th mean value and the dispersion of quantities TR—R produced, as exper-

iments have shown, primarily as a result of respiratory regulation with any
operator state (considering the operator states analyzed in this chapter).
If we exclude the parasympathetic effect, determined by the influence of
respiration [U.1 = UiO]’ the mean value of frequency f_ . during time of

3

analysis T can be represented in the form [see (5.2.2)1

A 7 1 pn
i, 7 (Usos Suxﬁdfﬁgggf/aifzco“gt- (5.2.4)

In this case, parameter a characterizes the result of the combined action of”
sympathetic (accelerating) and parasympathetic (retarding) segments of the
nervous system on the "cardiac master oscillator."

On the basis of the above, we can use the resulting value of a for an
evaluation of the state of rest or weak emotional stress in the test subject,
this value being determined from equation (5.2.1), with compensation for the
effects of respiratory regulation on the heart frequency.

§5.3. Transfer Characteristic of '""Respiration-Vagus Inhibition"

In defining function u(t), the problem arose of studying the transient /152
processes produced when respiration was performed as follows:
""inhale -- hold -- exhale -- hold" and determination of the transfer char-
acteristic in the link ''respiration -- vagus inhibition,' which would allow
these transient processes to be reproduced in the solution of equation
(5.2.1).

Experiments were performed with test subjects in the sitting position
with various depths of respiration both in the state of rest and in the state
of comparatively weak emotional stress, which was determined from changes in

pulse frequency.

Processing of the experimental material for the states investigated
showed that the cardiac rhythm with staged respiration after the inhalation
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(or exhalation) sector shows a phase of increased frequency with a subsequent
phase of decreased frequency and further tendency toward return to the
initial frequencyl. The change in intervals of cardiac contraction TR—R

during inhalation is generally greater than during exhalation, while in turn
the duration of each phase of the cardiac rhythm is increased upon exhal-
ation in comparison with inhalation.

In many cases, the transient processes, beginning with the phase of
decrease in quantity Tr_r? subsequently have the nature of damping oscilla-

tions. This can be determined, in particular, by the voluntary muscular
regulation or comparatively great physical stress of the test subject during

respiration (for example, if the breath is held for some time t3 > 15-20 sec

either inhaled or exhaled).

Figure 62 illustrates the specific features of transient phenomena in
the cardiac rhythm?. Each interval, determined by the difference in time
tj -t (tj > ti) is laid out at moment tj along the oxrdinate. The graphs of
Tr-r(1) 24 Tror(2)
cardiac rhythm during inhalation R

characterize the two-phase transient processes of the

1 and exhalation Rys while the graph of
has the nature of damping oscillations during inhalation RS' The
calculated preliminarily for rather large

TR-R(3)

mean values of intervals TR—R’

samples (T Tk_R) are shown on the figure by the dotted lines.

(R-R),T
The experiments show that variouys combinations are possible: the

transient process during inhalation has the nature of damping oscillations,

while during exhalation it is two-phased, or vice versa, etc. The changes in

cardiac rhythm during staged respiration were observed in most cases in /153

the investigated states and depended little on the depth of respiration.

Function u(t), which provides good correspondence to actual transient
processes (staged respiration) in the situations of interest to us when
substituted into equation (5.2.1) (for more detail see §5.4), was produced by
transforming analog signal L(t) using a certain rule, representing the change
in the area of the thorax during respiration R. The transforming functions
for inhalation (dL/dt > 0) and exhalation (dL/dt < 0) were different in the
general case. Each of them was composed of a linear chain with subsequent
nonlinear weighing of the result as a function of its sign. In operator

'The identical nature of the transient processes during inhalation and
exhalation can be explained by the influence of the receptors, sensitive to
the direction of the perturbation.

2 In this and subsequent illustrations the R axis shows the dimensionless
units, while the mean amplitude R during quiet respiration was on the order
of 0.4-0.6 in these experiments.

]
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form, the sequence of these operations, for example for inhalation, can be /154
described as follows:

1 g 5 , IL .
L. Vin (p) “L(p)jiin (p), L Z(d—t>0,
kwin(p),  vin(t) > 0;

2. u (py= {
in(]} l{'.’.l”in(/))y Uj_n (t) <O, (S. 3. 5)

where Rin(p) is the transfer function of the linear chain for inhalation;
uin(p) is the result of weighing of L(p) by the inhalation transforming
function (change in vagus inhibition); k1 and k2 are coefficients (k1 > 0;
ky, > 0);

VU P) = Cinll)y win(p)==u; () L{(p) = L(t).

Similar transformations were performed for exhalation, but only with new

values of the weight coefficient with respect to the sign kS’ k4 and another

transfer characteristic of the linear chain -- Rex(p). If u(p) and L(p) are

the Carson-Heaviside transformations,

[oe]

¢ (0) == p§ f (1) et e

0

for the respiration process L(t) and the change in vagus inhibition u(t), the
transfer characteristics Rin(p) and Rex(p) can be written in the form

Ro(py e EPP AL .

in' /") P 2w >0; (5.3.6)
B (p) = —me o L EPP L

ex (7) (F--2aptag)(p-1) 7 A <90 (5.3.7)

where o, v, wy are constants, determined by the nature of the transient

process, while k' and k" are the sensitivity coefficients of the linear
circuits.

152



ciminng
i
N L
e

-~ '\)r;g‘au
W

=

1 1 —— e
5 10 15 Ut

Figure 62

Transfer functions (5.3.6) and (5.3.7) can be produced in principle by
successive conjunction of the disconnected RLC circuit and integrating

circuit R1C1. Output signal v(t) is taken from condenser Cl’ while for

L'> 0, resistor R1 is connected, and when L' < 0 it is shorted. The change

in the sign of the transfer characteristic of this circuit should be
performed simultaneously with commutation of resistor Rl' When long time

constants must be produced, special operational amplifiers with feedback can
be used.

As follows from equations (5.3.6) and (5.3.7), the transfer function of
the circuit for exhalation differs from the corresponding function for
inhalation in the addition of the RC integrating circuit, connected through a /155
decoupling element, which slightly retards the phases of acceleration and
deceleration of the cardiac rhythm in comparison with inhalation (see
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Figure 62). In order to find the transient characteristic h(t), determined
by linear transformation circuits L(t), we must solve the equation

hi(t)y =R (n)1. (5.3.8)
As a result, we produce for inhalation, for example,

a. {
o2 > (.)6, I iﬂ({) —— e (IZC"“{ . "w»—ml)’

(5.3.9)

5% (-)i; Ie. () = (’_:’[(j —ol}): (5-3-]—0)

in

o, < (ug; hin (L') — —_.;_;Z_ ¢ oain (.;r;! - G) (5. 3.11)

Here (-n);(-m)} are the roots of the equation p2 + 20p + wé = 0:

w

VAN o. .
() == ! (I)(‘; — % tan {0 .~ L ]
oA

Analysis of the dependencies (5.3.9), (5.3.10) and (5.3.11) shows that the
transient process where o’ > wS has two phases, while for the values a? < w%

it has the nature of damping oscillations.

We note that expression (5.3.9), determining the reaction of the linear
system to a unit change in the input action, corresponds to the reaction of
the transforming function to inhalation used in the work of Clynes (1960).

Figure 63 shows a series RLC circuit, the transfer function of which is
described by equation (5.3.6), as well as graphs of the transient char-
acteristics defined by formulas (5.3.9), (5.3.10) and (5.3.11).

In this case

no.
’2"1;‘ > (0‘] e,

LC

o AEE

The transient functions for inhalation can be found similarly. The coeffi- /156
cients of nonlinear weighing (by sign) of the outputs of the linear
circuits -- kl’ k2 and k3, k4 -- defined the relationship between changes in

intervals of heart contractions for the phases of acceleration and deceler-
ation during inhalation and exhalation and in the general case (various
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states of the test subject and types of respir-
ation) may depend on u. and u s however, this

latter problem will not be investigated here.

Of course, we are not recommending these
transient characteristics for all possible cases

Mgy s of the influence of respiration on the pulse
I frequency. However, most practical results,
0.5 Loy some of which are presented below, show that
ow) f - the transfer functions of weighting L(t)
gzl \- - . C - circuits selected on the basis of experimental
a1\ - - modeling by digital computer and theoretical
ot \VW~f - assumptions, allow us to produce rather good
a’ twa u s L30F correspondence between the solution of equation
R ) (5.2.1) in the situations of interest to
Wy Cor e us (estimation of the value of T R R for
? i P comparatively short realizations for the
a6 \ . operator states being investigated) and the
a’cw; | P s actual fluctuations in cardiac rhythm due to
Qflx T respiratory regulation.
U E \\ ST ST —
U2 \ (;/ oy
L i §5.4. Experimental Modeling by Digital Computer
h
LU ;‘} Lo - The solution of equation (5.2.1) for the
= j'i b - general case of input actions (frequency of
ﬂaf ; | i'. T changes and value of u(t) comparable respect-
<o by P ! ively to frequency of oscillations of function
5/[ /%/4 J/x///* x(t) and value of parameter a) was performed1
0, S using the M-20 digital computer. A general
07» 5\““//‘ block diagram of the investigations is presented
on Figure 64. The program for processing called
Figure 63 for the formation of function u(t) as a result

of weighing of the signal of the change in the

area of the thorax during respiration L(t),
which could be fixed discretely or in the form of approximating expressions.
The function of vagus inhibition u(t) with the parameters of transfer char-

acteristics selected a, wgs ¥ (or n, m, w) and the coefficients kl’ k2 and

k3, k4 was determined on the basis of the expressions (see §5.3):

dl

-
IT . .4,

1Yex (/’)’"- ex (/7)] (1) : \’\.0 (5 4 12)

vin(p) -~ Rin{p) L. (p),

lpThé—éﬁEhstmékpfééé>théii'déép'gfétitude to Engineer P. A. Lyuoseva for her

help in performing this section of our work.
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which correspond to the differential equations

a2, (1) . du_ (1) . ) (Iijf(l_) dL i
—n T 210 e @fin(l) = — B g @ 0;
a3 o (1) ) d2v __ () de o ) R
Clex O (a4 N S o (@ 29m) — - Yo ex () =
e @L(t) dL
=K<

with subsequent weighing of the resulting values v(t) as a function of the
sign:

[rin() ke, vin(1y >0 41

w. {1y . it .
ln( ) Ll in(/)/".ﬂg Vin ({)<O t >O,

. - { ex (s vex ()0 ar _ (5.4.12")
ex ' wvex (1) ka, vex (1)< 0 A

In many cases with zero initial conditions when the transient process
from inhalation (exhalation) is practically damped by the beginning of
exhalation (inhalation), approximate calculation of function v(t) can be
performed using the Duhamel integral

t

v (1) == 1 () h (=) e,

where h(t) is the transient characteristic of the linear circuit during
inhalation (exhalation), the stable mode of which (currents, condenser
charges) is assumed constant as the transfer function is changed. In order
to solve the differential equation (5.2.1), the values of the resulting
variable coefficient u(t) were found, and quantity 4 was estimated [see
(5.2.2)], characterizing the mean interval of cardiac contractions during

observation time T (N readings TR_R):

A e
a = Aot

T?,,_R)’T ’ (5.4.13)

Ar’
. 1w,
Taeryr =5 2T 0n), 1.

i=1
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In the comparison section /158
(ti < ti), the sequence of inter-

vals of contractions of the actual

ﬂfl,.[f- S0 Rnlie] o | s 77
e il p
tlﬁefexfffﬂ” ’
4

1&?& heart T(R—R),i were compared to
B ,’f 7 those produced by modeling
B -

Tr-ry, it

Aoy W, O KK, K3 K

T

Tin-ry, s == ti — tiy

Figure 64 (5.4.14)

Linony, i == 1, —tiy.

Moments in time ty corresponded to the sequence of excitation of the cardiac
muscle, while moménts in time ti corresponded to startup of the model of the

""cardiac master oscillator,' determined by the maximum value of function
x(t). )

In order to compare the quantities T and TR—R’ we used the least

R-R
squares method. The feedback loop z from the output of the comparison
section (see Figure 64) carried a value of coefficient & with a correction so
that in the solution of equation (5.2.1) the value of the error £2(4) was
minimized:

w

a(a) = DU T n-ny, i — Trop)?, (5.4.15)

i==1

where i is the ordinal number of interval TR-R (or TR—R) in the realization
of the process being investigated. The parameters a, Wes s kl’ k2, k3 and

k4 were assumed constant.

If the equality

2 (&) e I'llina
(5.4.16)

is satisfied, the basic error in the estimate Tﬁ+R arising due to respiratory

regulation is compensated to a considerable extent and continues to decrease
. 1 L \

with decreasing A. In this case, & = a, where a is the mean value of the
coefficient, calculated on the machine for a certain state of the test sub-
ject using the predetermined realization of the process in correspondence
with expression (5.4.13):
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(5.4.17)

G = h? (7['1{ )

With complete exclusion of parasympathetic respiratory effects and unchanged
operator state over the observation interval we produce [see (5.2.4)]

@
H
£
1l
=

In the process of minimization of error €2(a) if this was required, a shift

of the realization T, along the time axis was performed, usually within

(P'R) > i

the limits of one to two intervals TR-R’ which could decrease the error due

to the comparatively small deviations of parameters of the transfer function /159
a, Wys Y and incomplete knowledge of the initial conditions in the solution

of equation (5.2.1). The discrete nature of the change in 4 [see (5.4.16)]
was determined by two conditions: on the one hand, the required accuracy of
calculations, and on the other -- machine time economy, and was (0.001-0.05)

4 (depending on the magnitude of the signal expected ZT&—R)' In each

concrete case, if required by the experiment, the quantization step a could
be clarified.

The estimate of the values of a, Wys Y (m, n, w) and coefficients kl’
k2, k3, k4 was performed, as a rule, with the test subject in the quiet
state. We first measured certain parameters of the envelope of the actual
transient process of the cardiac rhythm with staged breathing "inhale --

hold" or "exhale -- hold,'" such as time tn of intersection of the level of

the mean interval Tﬁ—R’ the moments of attainment of the minimal and maximal

values ¢t . , ¢ , the attenuation time t__, etc. The envelope here is taken
min max at

to mean the smooth curve connecting the ends of the intervals TR—R’ laid out
along the ordinate at moments of excitation of the cardiac muscle t; [see

(5.4.14), Figure 62]. It was assumed that the measured parameters agreed
approximately with the same quantities for the function $2(t) = a - u(t). On
the basis of the theoretically determined dependence v(t) for the type of
transient characteristic selected [see (5.3.9), (5.3.10), (5.3.11)] and the
change in the input action with finite front tf for inhalation (exhalation),

which differed from the resulting value of u(t) only by the weight coeffi-
cients kl’ k2, k3 and k4 [see (5.4.12)], we calculated in general form

s t ., etc.

moments in time t_, t , t .
n’ ‘max’ min’ Tat
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1y ==ty (2, 0, 7, {£):

Imax == {max (&) g, 7, 71); (5.4.18)

fal‘ . 13(13 g, T’ jf)

The solution of equation system (5.4.18) for o, Wgs Y with substitution

of the experimental quantities tn’ tmax’ tmin’ fat’ etc. allowed us to

produce the estimates 4, &O, ¥, which were then averaged for several real-

izations with various depths and rates of staged breathing, approximating
trapezoidal curves in these cases.

As an example, let us analyze the sequence of operations of approximate
calculations of parameters m and n from realizations of the mean rhythm with
breath held inhaled (staged action L{t) with finite front tf) for the

transient function described by equation (5.3.9):

lin = -7;1—41;; (nent — me=mty,
Using the Duhamel integral and keeping in mind /160
dL
~i =e>0,

I

we produce:
chin(t —v)dv -, - -

-1t A
SRR L‘inl([) - (’, ”"-C’"”),

. S qfe-mt gy
el jn(t — Tydv = o n[((’ m )

c{/_;’:;. ot/_d"'

- (e--m(t—tf) . c—-n(f—lf) )] — Uinl (l) . Ulq (t ———ff).

The time of intersection of mean level t by the process is found from the

relationship

Uint (f) U in ({'. -1 f)
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and is equal to:

1 t—e ' f
fn—;:,;lnm-. (5.4.19)

If the transient function investigated (5.3.9) is two-phased, m > n, and
therefore the attenuation fat of the process (return of cardiac rhythm to

initial level) is determined primarily by parameter n considering inhalation
time tf.
Assuming further

et 4

e

let us find the estimate fi:

Substitution of the experimental quantities tf, fi and tn into equation

(5.4.19) allows us to produce estimate fi.

Approximate calculation of kl’ k2’ k3 and k4 was performed on the basis

of formula (5.4.13). In the transient processes "inhale -- hold -- exhale --
hold," we selected time sectors t', where the intervals TR—R changed slowly

and determined the time average T(R-R) e Here, we considered u(t) = u =

= const, so that

a

A 42 ; . .
w = ———, Tp-p)rr > 1T'r-n), 15

U= m—m——a, T-ryr < T(R—R), 7.

In the ratio 0/¢ = R, the quantity ¥ (over time t', function ¥(t) was assumed /161
equal to V) was determined by substitution into the theoretically calculated
dependence [see (5.4.12)] of the estimates &, ¥, &0, tf. Experiments showed

that the approximation for k is satisfactory if the intervals t' are selected
in the areas of maximum values of TR—R [N = 3-4] for the phase of retardation

of the cardiac rhythm during inhalation and exhalation. On the basis of most
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experimental data, coefficients kl’ k2 and kS’ k4 (5.4.12') can be approx-

imately determined from the expressions (where either member of each pair is
known) :

Final selection of parameters a, v, Wg» kl’

for the fixed coincidence of theoretical and experimental transient

processes, was performed by solving equation (5.2.1) by machine (see

Figure 64). The required correction was achieved in the circuit of feedback

z. In this case, the method described above was used first to minimize

errors of divergence with respect to certain time points (t st .o, t,
max’ min’ "n

etc.) of the calculated and experimentally produced envelopes of the

heart contraction intervals (clarification of «, v, wo), then for general

k2, k3 and k4, if it is required

minimization of amplitude differences in the quantities Ta R and Taor

(clarification of kl, k2’ k3, k4).

Parameter a (or Tk_R) was considered unchanged in these cases (state of

operator rest) and was estimated from a preliminary sample (see Figure 60;
EKGZ, R2) as lasting several minutes. Calculations showed that the accuracy

of measurement of T, where the number of independent readings N = 35-40 is

R-R
rather high. For example, in one of the worst cases, the confidence interval

JB constructed for TR—R and corresponding to a confidence probability

1 - 28 = 0.95, was JB = (0.835 - 0.012; 0.835 + 0.012); T(R—R),T = 0.835.
In calculation of JB’ the Student distribution was used (Van der Waar-

den, 1960; Smirnov, Dunin-Barkovskiy, 1965; Nalimov, 1960).

We analyze below a number of practical results. Figure 65 shows real-
izations of the envelopes of transient processes for heart contraction
intervals TR—R’ calculated by machine (dotted line) and produced in

experimental situations (solid lines) with the test subject at rest (eyes
open) and under slight emotional stress (viewing of low-significance signals)
with staged breathing "inhale -- hold -- exhale -- hold." The values of the
intervals T(R—R) ; are laid out on graphs at moments in time t, [see

(5.4.14)] along the ordinate and the points produced are connected by smooth /162
curves. The plan of the construction is shown in the right upper corner of

Figure 65, A. The graphs on Figure 65, A illustrate the two-phased transient
process during inhalation and exhalation (n = 0.3; m = 0.53; y = 0.65;

kl = 1.4; k2 = 0.7; k3 = 1.0; k4 = 0.6) while the graphs of Figure 65, B have
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the nature of attenuating oscillations upon inhalation (o = 0.2 = 0.5;

H
k, =k =.1) and are two-phased upon exhalation (n = 0.25; m = 0.5; v = 0.6;
=1.2).

1 2

k., = 2.8; k

3 4

30 1€

Figure 65

In the first case (see Figure 65, A) as a result of solution of
equation (5.2.1) by machine, an estimate was produced of the mean interval of

heart contractions TR—R = 0.766, while in the second case (see Figure 65, B),

TR—R = 0.885. The preliminary measurements of T(R-R),T for time T = 3 min

with quiet respiration in the same experiments gave the following results:
Trery,T ° 0.780 (operator rest) and T(R-R),T = 0.892 (weak emotional

stress). We note that for the situation characterized by the graphs of
Figure 65, A, it is possible to clarify T(R—R) T if the criterion €2(4) = min
b

is satisfied (the quantization step with respect to 4 was somewhat large).
The mean amplitude R with quiet breathing in these experiments was determined
from the magnitude of the vertical sector laid out at moment t = 3 sec (see
Figure 65).

Figure 66 illustrates the usage of the method with comparatively strong
emotional stress (expectation of painful stimulus) for staged, interrupted
respiration R, where a rather strong masking effect is produced by the
dispersion of quantities TR-R' In the case of several respiration cycles

during the influence of the signal, the phenomenon of averaging due to

positive and negative waves of the transient characteristics on inhalation
and exhalation is most strongly seen. The abscissa determines the ordinal
number N of the intervals Te-R during analysis time T for each of the four

realizations shown on the Figure. The actual curves of the transient
processes are shown by the solid lines, while the calculated curves are shown
by the dotted lines. To the right of each graph we show the corresponding

. ; . . - - /164
type of respiration R, while at moment in time t = 20 sec we show a vertical ——
sector characterizing the mean amplitude R with quiet respiration.
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An estimate of the mean value of the parameter being measured, calcul-
ated before the beginning of the experiment for realizations lasting
T = 3 min, amounted to T(R—R) T = 0.86.
2

Since in this case the significant signal was rather large (increment of
mean value of intervals TR—R)’ its separation was performed with a large

quantization step with respect to 4 (machine estimates Tﬁ—R = 0.965). On the
basis of the realization used in these experiments T(R—R) 3 with quiet

2
respiration (expectation of electrical skin stimulus)

with a total duration of T = 2.8 min, the time average T ~ 0.980 was
(R-R),T
calculated.

Analysis of the graphs indicates that the estimate TR—R,T performed
using five-six intervals TR—R selected at random without consideration of
respiratory regulation can give an error reaching 15% of the value of
T(R-R),T = 0.98, which exceeds the value of the signal AT(R-R),T = 0.98-

-0.86 = 0.12,

The duration of an experiment in this situation was 30 min. The

parameters of the transforming function (n = 0.22; m = 0.43; v = 0.65;

k1 = 1.4; k2 = 0.6; k3 = 1.0; k4 = 0.15) were selected in the state of

subject rest. At the end of the experiment, a certain divergence was noted
between the calculated and actual transient processes, the latter having a
tendency to be drawn out with increasing emotional stress, which in the cases
of interest to us takes on principal significance.

Figure 67, A, B, C shows the influence of a change in parameters m, n, vy
on the nature of the transient processes (TR—R = const) with the same type of

staged respiration: ''inhale -- hold -- exhale -- hold." The actual curve is
labeled with the index a. The graphs of Figure 67, D illustrate the stages
of fulfillment of criterion €2(4) = min for three values of the estimate
T(R—R),l; T(R—R),Z and T(R-R),S' In this case, the constants selected for

the transforming function were determined by the values m = 0.5; n = 0.25;
y = 0.51; k1 = 6.0; k2 = 1.5; k3 = 2.0; k4 = 1.0.

The dependencies presented on Figure 68 were constructed for weak
emotional state of the test subject, near the rest state (n = 0.3; m = 0.5;
vy = 0.65; k1 = 4.3; k2 = 1.5; k3 = 1.7-; k4 = 0.45).
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During the time of action of a certain signal (T = 15-30 sec), two
cycles of inhalation and exhalation could occur with different nature of
respiration, as shown on the figure. The mean amplitude R with quiet
respiration was characterized, as above, by the vertical sector laid out at
moment in time t = 20 sec. The curves calculated on the machine are shown by
the dotted lines. The estimates of T(R—R),T’ calculated using realizations /167

T(R-R) ; several minutes long (quiet respiration) fluctuated during the
3

process of the experiment between 0.9 and 0.862. The values of Tﬁ—R
calculated in the model are shown on the figure by the dotted lines parallel
to the abscissa. The total duration of the experiment was 60 min. At the

end of the experiment (Figure 68), considerable divergence was noted between

the actual curves of changes in intervals TR-R and those calculated by

machine, which, of course, introduces error into the estimate Tﬁ—R‘ However,

in the case at hand, when the criterion €2(4) = min is satisfied, the value

of this error is rather low, which can be determined from the value of Tﬁ-R

The results produced allow us to conclude that in the situations
analyzed (state of test subject, nature of breathing) the model produces
satisfactory results when the mean interval of heart contractions is measured
using short realizations T(R—R) i However, with longer experiments, the

3

necessity may arise of adjusting the model by its parameters to the type of
transfer characteristics in the '"respiration-vagus inhibition" link. It
would be desirable to continue the investigations of changes in the transfer
characteristics with various test subject states and problems related to
combination of the functions of vagus inhibition resulting from inhalation
and exhalation.

§5.5. Estimate of Mean Interval of Heart Contractions Using Simplified
Method

Let us represent formula (5.2.1) in the form

@ -l ({jz (@yn» -0,

di?

where ¢2(t) = a - u(t) is a variable coefficient.

We will assume that the function ¢2(t) is characterized by a rather high
mean value a, about which relatively small oscillations u(t) occur. On the
basis of the VKB method (Khedding, 1965; N. Freman, P. U. Freman, 1967;
Kanningkhem, 1962), when the conditions below are fulfilled
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(5.5.20)

the approximate solution of equation (5.2.1) in this case can be written as
follows:

1 - !
 =[@()] 2 Bsin|f
s L@ Beinfo - fowar], (5.5.21)
{
where ¢(t) changes more slowly than p H){-Scp(ﬂdtL B, 8 are arbitrary /168
constants. 0

Differentiating equation (5.5.21)

3

t
e E— 21 [p()] Tq () sm{ S(p (zf)(Ztl lo()] (p(i) K

!
X B3 cos’ [0 -}»S(p t)dt]

1]

and setting the first derivative equal to zero, we can find moments in time
tk corresponding to the k-th extreme points of x(t) from the equation

3

t iﬂnlgq U)dt7 E’ g}gg».h_QA,gégg’ 5.5.22)

0

among which we can use known methods to determine t; such that the values of
the function investigated are maximal. The difference in successive moments
in time (for the two neighboring maxima x{t))

E“‘ f:L - T(R—-R),i (5.5.23)

will characterize the "heart contraction intervals,' produced by modeling.



Calculation of intervals (5.5.23) does not in this case require
integration of expression (5.2.1); however, solution of the transcendental
equation (5.5.22) is rather difficult.

For further simplification of the problem, we will consider that with
sufficiently small, slowly changing, continuous component u(t)[¢2(t) =
= a - u(t)]

[}

[0 +Se@ar] =0

0

cot

or

w (t)<(up3 ([) (5.5.24)

Under these conditions, moments ti of attainment of the maximum values of the

functions

1

o1l (D] Bsin [O +-

[ P

t
(r(t)dt] , T = Dsin [O - S P (i) (lt}
0

are approximately determined by the same equation

Let us analyze the behavior of circular frequency Byt

»

©, - -(;{t—”[() B(p () (H} = (2) = V.(Z'—M:E(—t). (5.5.25)

i}

Considering the above concerning the nature of the function ¢4(t), let us
represent equation (5.5.25) approximately in the form

ES,zVa‘_,Z:/a w (t) (5.5..26)
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In order to calculate dependence (5.5.25) or (5.5.26), it is required, as
follows from the formulas, only that we know the characteristics of vagus
inhibition u(t), the result of weighing of the signal of change in the area
of the thorax during’ respiration L(t).

On the other-hand, from an actual electrocardiogram we can determine the
sequence of quantities w

b
f
* Trepry, 1’

v

(5.5.27)

. . L . . . .
which in this case lie along the ordinate ac. muments in time t; (center of
i-th interval TR_R):

/

where ti is the time of the i-th excitation of the cardiac muscle.

Joining for convenience the experimental points of (5.5.27) with a
smooth curve (w,_), we can use the methods described in §5.4 to compare the
dependence v, produced with function &_, determined in the model. As a
result, we will find an estimate E&, related to the estimates of the

parameters investigated a, and T with the formula
1 (R-R),1

oy =V, = 2n (Fipop, )% (5.5.28)

As an example, let us analyze one possible simplified block diagram
(Figure 69), realizing the method described above in the case of transfer
functions of the linear circuit with the form [see (5.3.6), (5.3.7);

2 2
as < wz]
0

S 4 AN—
B = (p+n)(p+m)’
Rex X

I I

corresponding to the transient characteristic
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with deep preathing, leading to considerable fluctuation of the intervals of
heart contractions.

applicable to staged interrupted inhalation and exhalatiomn (ta

We will consider the parameters n, m, y to be selected as a result of
preliminary experimentation. Signal L(t) is differentiated in the circuit
DC1 (time constant 1/n) and, depending on the sign of the derivative

L'(t) > 0 -- inhalation; L'(t) < 0 -- exhalation

enters the following units: integrator -- IC (time constant 1/y) and
differentiating device DC2 (time constant 1/m) for exhalation, or circuit

IDCZ, which changes the sign of the signal to the opposite sign with subse-

quent differentiation (time constant 1/m) -- for inhalation. The outputs of
the linear circuits are weighted according to the sign in proportion to
coefficients kl’ k2 and kS’ k4 (nonlinear devices with varying amplification

for positive and negative effects). The output function B of unit C, /171

combining the transformed inhalation and exhalation signals, is fed to
comparison circuit (wt <« mt) to be compared with experimental dependence Wy
Unit C also receives the value of 4 predetermined for the processing interval
[see (5.4.13)] (in order to reduce search time), which is adjusted in the
process of minimization of error e?(4) using the feedback loop. Where
equation (5.4.16) is satisfied, an estimate of the mean time of measured
quantity Ei is output, determined in the model and related to the remaining

parameters of formula (5.5.28). Figure 70 shows the experimental dependence

W, (dotted 1line) and calculated dependence mt (solid line) for rather deep

respiration R with varying nature. The graphs of W and &t~are constructed

with respect to quantities w = 7.3, determined by machine solution of
equation (5.2.1) for the same input actions and time of existence of the
signal T &~ 22 sec. Analysis of these curves (wt, mt) shows that in the case

at hand when the criterion ez(é)_= min is satisfied, a simplified method
yields a slightly low estimate (Bi ~ 7.23) in comparison with the quantity

calculated by machine. This error generally results from the degree of
approximation of solution (5.5.21) for comparatively long and rapidly
changing input actions.
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CHAPTER 6

THE SPEECH SIGNAL

ABSTRACT. Experiments indicate that the changes in the
spectral conditions of a speech signal are among the most
reliable for determination of the emotional state of a

human operator. Experiments preformed included modeling a
human speech under the influence of emotion by actors, which
confirm the stable changes in frequency composition, etc.
with emotional colorfine,

Introduction

We know that in addition to the symptoms perceived directly by an
observer (blushing or paleness of the face, nature of expression, etc.)
emotions are accompanied by changes which can be detected by special methods
of investigation (some of which have been described in preceding sections) of
various physiological processes: EEG, SGR, EKG, changes in blood pressure,
respiration, skin temperature, chemical composition of the blood, saliva,
urine, etc.

The recording of these changes requires contact pickups, which is not
always convenient for an actively working operator. Many vegetative
indicators used for practical purposes (for example pulse, respiration,
arterial pressure) do not allow at the present time reliable differentiation
of positive and negative emotions and, furthermore, change sharply during
physical loading, thus ceasing to become reliable criteria for the degree of
emotional stress. The solution of practical problems requires, on the one
hand, a more precise analysis of signals already known, and on the other
hand -- a search for new signals which can have independent significance or
can be processed together with other signal parameters in order to increase
the reliability of detection.

With this in mind, it seems quite interesting to analyze the objective
parameters of the intonations of speech. We know that the intonation color-
ation of speech is a reliable means of communications. Recording of a speech
signal does not require contact pickups, requires no additional telemetry
channels, since the recordings of conversations using existing communications
channels can be used.

Practical experience and certain special work in this area (Artem'yev,
1961; Vitt, 1965; Zhinkin, 1958; Friedhoff, 1962; Hoffe, 1956-1957;
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Lieberman, Michaels, 1962) indicate that objective indices to be used to draw
conclusions concerning the emotional state of the speaker can be found in the
intonation characteristics of speech.

We analyze below some problems of the utilization of the results of
spectral analysis of a speech signal to evaluate the degree of emotional
stress of an operator!.

Before going over to a description of the data produced, we would like /173
to discuss certain concepts from the theory of speech formation and methods
)>f spectral processing of a speech signal, which will be required for our
further presentaticn.

§6.1. Model of Speech Channel

The speech signal, as we know, represents the reaction of the resonance
(filtering) system of the speech path to the effects of one or more gener-
ators of audible oscillations. In other words, the sound oscillations
created in surrounding space can be represented as functions dependent on the
parameters of the corresponding sources of sound and on the parameters of the
complex systems of resonators, including those such as the loading resistance
of the mouth (radiator). Resonators are formed by the cavities of the
mouth and pharynx, and in many cases by the nasal cavity.

We could suggest a large number of models of speech formation satisfying
these requirements. However, in our further analysis it is desirable to
select those which imitate rather well the acoustical picture of actual
speech signals and which are also convenient from the point of view of their
mathematical analysis. 1In this sense, it is expedient to use electronic
models of the speech forming paths, which are comparatively simply realized
technically and allow us to use apparatus from the theory of electrical
circuits for their investigation. Figure 71 a shows an electronic model of
the speech path (without considering the nasal cavity) which is frequently
used at the present time (Sapozhkov, 1963; Fant, 1964). In the case at hand,
the larynx is the source of oscillations E, which has a certain internal
impedance Z (impedance of the cavities before the source). The vocal cords,
closing and opening the larynx, modulate the flow of air and create a
sequence of pulses (see Figure 71 b) which are near saw-toothed in form
(strictly speaking, the vocal cords not only modulate the flow of air, but
also vibrate, creating additional oscillations imposed on the basic
impulses). The frequency spectrum @i(f) produced with this sound pressure

contains a large number of harmonic components (Figure 71 c), the amplitude
of which decreases as their number increases at about 12 db per octave. It
should be noted that in the general case the sequence of pulses created by

the work to comrades V. A. Popov, L. S. Khachatur'yanets and A. G. Tishch-
enko.
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the vocal cords is not periodic in the mathematical sense, which is explained
by the finite duration of the sound and the unstable repetition frequency of
the pulses themselves, which may depend on loudness, type of vocal material,
emotional content (Voloshin, 1966; Vitt, 1965), etc. In connection with
this, representation of spectrum ¢, (f) as a linear harmonic spectrum is an
idealization. .

The repetition frequency of pulses from the oscillation source E char-
acterizes the type of voice speaking (bass, baritone, tenor, alto, contralto,
soprano) and is called the base tone frequency Fbt' For Russian speech, the

mean value of F t lies between 97 and 200 Hz for masculine voices and
200~320 Hz for ?eminine voices.

The sequence of pulses with repetition frequency Ti excites quadrupole
M (input: 1-1, output: 2-2), representing the speech path from the source

of sound to the aperture of the mouth (see Figure 71 a). If we represent the
frequency and phase characteristics of the quadrupole by CM(f) and aM(f)

respectively, its output will carry oscillations with frequency spectrum
o(£f) (see Figure 71 e):

D(fy = D (/) Cx(/,

and phase spectrum a(f):

2f) o5 {f) (1),

where

SU) -0 (er o
Si (/) = Di()) ot (/)‘:

where Si(f) and S(f) are the complex spectra.

One possible realization of the signal at the output of the quadrupole
is shown on Figure 71 g.

The spectral interpretation presented above is correct if the character-
istics of the resonant speech path system are independent of the char-
acteristics of the source of oscillations E, which is an idealizing
assumption.
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The frequency areas of the maxima observed
on the spectral picture of speech sounds are
called formant zones or simply formants. The

i |
z 1 M 2 Lo ) location of the spectral peaks corresponds
£ LeRe ] approximately to the resonances of the speech
! 2 b==-! path. It can be shown that the inequality of
frequencies of spectral maxima of the output
J/\\T{T\\u/q\\//\\& ¢ b signal (Figure 71 e) and the resonance frequen-
& (1) E—J cies of the spectral characteristic of the
L quadrupole M (see Figure 71 d) can be explained
‘ ]! o principally by the decrease in spectrum Si(f)
{llifllflligLf with increasing frequency. However, this
¢ (7 difference is not great, and in practice it is /175

frequently ignored. The formant zones are
///\\\u//p\\\g//\\ ajl represented in increasing order F1, F2, E3,
L, ) and their frequencies as Fl, FZ’ FS’ .o

respectively. Figure 71 e shows the first two

®(7) formants. Since the formants are considerably
e stronger than the other components, it is they
1L ; which act primarily on the ear of the listener,

F, F forming the sound of each individual speech
sound. Thus, it seems that one of the
J\/\ﬁ t g) principal characteristics of the sound spectrum
LJ‘ of speech is the number of formants and their
¢ placement in the frequency area. Where there
are no clearly expressed formant zones in the

spectrum of the signal, we can use the method
Figure 71 of spectral moments for analysis:

Mo S\ Pt oy SR = il (6.1.1)

My= Dl = 1M Af = 32— (T2) = 2~ 2,
My RV 11 1

n

where Pn is the intensity of the n-th band of the spectrum; fn is the mean

frequency of the n-th spectral band; Af characterizes the width of the
spectrum; MO characterizes the intensity of the entire spectrum; M1 char-

acterizes the mean frequency of the spectrum, called the centroid of the
spectrum (or the weighted mean frequency); M2 characterizes the mean square

frequency of the spectrum.

On the basis of formulas (6.1.1), the spectrum can be characterized by
the intensity M., mean frequency f. and width Af. These moments can be used
for spectra witg clearly expressed formant areas as well. However, in this
case, they should be determined for each of the formant zones separately.
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The nulls of the output signal spectrum are sometimes called anti-
formants. The form of discrete spectral distribution analyzed above
(Figure 71 e) corresponds principally to the picture which obtains during the
pronunciation of vowel sounds, which have clear signal periodicity. Many
consonant sounds are aperiodic, so that their frequency spectra are either
completely solid or contain solid frequency spectrum sectors (Pokrovskiy,
1962).

When voiceless, as well as many voiced consonants are pronounced, the
noise source of sound oscillations in many cases is turbulent, located in
one of the constrictions of the vocal path. It may be either '"continuous"
(sounds pronounced over some period of time), or pulsed (in the case of the
so-called plosive sounds).

Continuous speech formation is determined primarily by two factors: the

source of oscillations and the filter (Fant, 1964). Upon transition from /176

phoneme to phonemel, modulation of the oscillations from the variable sound
source (consisting of voice, noise, voice and noise together, with variable
rise and fall of oscillations, etc.) by the slowly changing filter function
of the speech path occurs.

Thus, the transition from a long nasal to a long, sonorous, throaty
sound is characterized by a change in the filter function; the transition
from a long dental fricative to a vowel sound is characterized by a change
both in the source of oscillations and in the filter function of the speech
path.

Thus, the continuous speech signal, carrying semantic information, is
characterized by changes in the parameters of the oscillation source and the
filter function of the speech path, and can be represented on the basis of
analysis of speech formation in the general case as an unstable random
process (Voloshin, 1966).

§6.2. Problems of Spectral Analysis of Speech Signals

It was shown above that the acoustical picture of speech sounds (based
on the model of speech formation which we have analyzed) is characterized by
the source of oscillations and the filter system of the speech path. For
example, spectrum S(w) of the absolutely integrable output signal f(t)

I" Standardized speech sounds are referred to as phonemes in speech signal
transmission technology. The Russian language includes 40-41 phonemes,
explained by correspondence of many consonants to two sounds: hard and soft,
while almost half the vowels have dual sounds (y plus vowel).
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6.2.2
S(wy= \ J@eotat ( )

is primarily determined by the transfer chdracteristic of quadrupole M
(Figure 71 a). A monotonous decrease at about 6 db/oct of spectral function
Si(m) of the sound source (under the influence of the radiator) can be

considered in the model by introduction of a correcting coefficient
(increasing the amplification of the signal by 6 db/oct with increasing
frequency). The spectral density of the energy can be found from the
expression

h (@) =8 (0) S (o),

where S*(w) is complexly conjugate with S(w).

In order to judge the properties of a speech signal at a given moment in
time, we must go over to the instantaneous spectrum

]
'S'I' ((')v f.,\ - S /(T) c—jm‘: (l‘t) (6' 2 * 3)
tiT

where ST(m, t) is defined as the spectrum of the sector of the process of /177

duration T, immediately preceding the given moment t. The constant integra-
tion interval in this case moves along the time axis, and its location is
unchanged relative to instantaneous time t. With a more general definition
of the instantaneous spectrum in the integrand of (6.2.3), we introduce the
sliding (related to the instantaneous moment of observation) weight function
(Kharkevich, 1957)

Splones ) Pl ty/ (v)eintdr. (6.2.4)

Expression (6.2.3) follows from equation (6.2.4), if

plx) =1 (- TV —71(z),

where
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0 when # <<V

T(ﬁ)=4{1 when z > 0.

Transform (6.2.4), which can be rather simply achieved using a system of
frequency filters, is frequently used for analysis of speech signals. Here,
weight function p(x) is selected in the form (Fano, 1950)

Pl Kerp(—a)

]’1. when a <O;
T(—T) - {L()when $>()

(K is a constant coefficient), which reflects the actual result of spectral
analysis using actual filters with time constant 1/o. However, the usage of
this method for speech signals encounters certain difficulties. On the one
hand, extended sounds have varying spectral structure and their analysis
requires filters with great resolving capacity with respect to frequency,
while on the other hand the plosive sounds are characterized primarily by
time dependences, which requires a filter with low resolving capacity. The
compromise solution should be selected on the basis of the concrete condi-
tions at hand.

It was noted above that in the general case the continuous speech signal
is an unstable, random process. Going over to the instantaneous power
spectrum, we can write (Levin, 1966

G (o, t) = \ I, ©)edordr,

—

where B(t, 1) is the correlation function of the random signal.

At the present time, with the various methods used for processing speech /178
processes, the calculation of correlation functions is perfoxmed over
intervals (usually several tens of milliseconds) in which the signal
is looked upon as a quasi-stable process, while R(t) is looked upon as an
even function of 1. In the general case for unstable signals this is untrue,
and therefore the correlators used have some defects in their filter
analyzers. The usage of digital computers for stricter calculation of
R(t, t) using a large quantity of statistical material is economically
unsuitable in comparison with the filter method, and no method is yet known
for using function R(t, 1) as calculated from a set of realizations
(Voloshin, 1966).
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In recent years, due to the intensive development of computer
equipment, we have seen ever broader introduction of digital computers
into investigations on the analysis and recognition of speech signals.
The usage of digital computers allows the operation of the known
analyzing devices to be modeled, allows processing of the signal very
close to the mathematical model to be achieved, and in many cases allows
a significant acceleration and reduction in price of search work, for
example in spectral analysis, where frequent changes in filter para-
meters are required (selection of filter with optimal parameters) or
where it is necessary to use filters with frequency-time characteristics
which cannot be achieved in actual systems with losses, etc.

The principal method of numerical spectral analysis at the present
time is the calculation of the Fourier integral [see (6.2.2)].

Function f(t) is determined by readings at discrete moments in
time, calculation function S(w) is also produced discrete. In order
to convert analog quantities into digital quantities and back, special
devices called "analog-digital' and 'digital-analog'" converters have
been developed (see Chapter 2). During time quantization of a signal,
it is assumed that its spectrum is limited by frequency fO' In this

case, on the basis of Kotel'nikov's theorem (1933), the quantization
frequency can be determined from the formula

/Q = 2f.

Integral (6.2.2), considering these conditions, can be represented in
the following form (Kharkevich, 1957)

(3 k=

S(m) == Q J@)edotdt = At D) J (KAL) e-iokat, (6.2.5)
—22 k=—=—o
where
— 0L < o Al = ._)17- .
) 2t
The calculation of a sum with an infinite number of terms is /179

impossible; therefore, as a result of limitation of the integration
limits (or addition limits) errors arise, detailed analysis of which has
been presented in the literature (Voloshin, 1964).
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In conclusion, we must note that the productivity of modern
computers in many cases is insufficient, which hinders, for example, the
production of results of spectral analysis of speech signals in real
time.

§6.3. Results of Experimental Modeling of Human Emotions

We noted above (Chapter 2) that investigation of the intonation
characteristics of speech in the area of spectral parameters (other
characteristics are not being analyzed at the present time) and the
selection of experimental material, it was decided to use the principle
of modeling of human emotions by acting with subsequent testing (clar-
ification) of the speech intonation estimates under actual emotional
situations.

The processing of the main material (300 pronunciations of words)
was performed using a spectral analyzer of the Danish firm '"Bruel Kjaer"
with a linear channel L having a pass band of 20-40,000 Hz and a set of
one-third octave filters covering the pass band 40-40,000 Hz. We
present below the filter numbers N and the corresponding mean tuning
frequencies f (in Hz).

A 1 i 3 4 5 6 7 S i

H 40 S0 62 S 100 195 160 200) 2o
N I il 12 13 14 1h 16
] B 400 200 630 8010 1000 {250
N 17 tS 19 20 21 22 23 24 25

/ 1600 2000 2300 3150 4000 H000 6300 SLN0 {0000
A 26 27 28 29 30 31

] 12500 16000 20000 25000 21500 Au0d0

A magnetic tape recording carrying the words was formed into a
loop, during each revolution of which the output, proportional to the
signal power in the pass band of the filter in question, was recorded.
The results of the analysis were recorded on paper using a special
spectral analyzer stripchart recorder with a dynamic range of 50 (or
75) db. The measurement error did not exceed 0.3 (or 0.5) db. The area
of investigation was limited to frequency f = 1250 Hz, since the pass
band of the filters of the analyzer being used was too broad above this
frequency (Af > 300 Hz). Narrower band width filters are needed in
order to study the spectral characteristics of speech signals
(Sopozhkov, 1963).

During the process of the experiments, we analyzed the behavior of /180
spectral peaks Al’ A2 (determined from the output values of the corre-

sponding filters) in the frequency areas of the base tone 100-315 Hz and
the position of the first formant 315-1250 Hz.
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With increasing emotional stress, regardless of the nature of the
emotion itself, we generally observe an increase in middle frequencies
fI and in most cases in the energy of the spectral maxima (in relation

to the energy of *he process at the output of linear filter L). We note
that processing of the experimental material showed that there was less
information to be gained from the energy characteristic of peak A1 (or

A2) than the deflections in the corresponding middle frequency from its
value during quiet speech. Since the behavior of spectral peaks A1 and
A, was largely identical in our experiments, we present below the

2
results concerning primarily the investigation of output signals of the

spectral analyzer in the frequency band 315-1250 Hz.

As an estimate of the degree of emotional stress of the test
subject, we use the quantity M:

v
203 Py i
M= Z—1InCS ,’PL, U>1v, (6.3.6)

2 P, 1=t

1==1

where P,, P., P are the powers of the processes at the outputs of the
[ASEE |

l-th, i-th and linear L filters respectively, during the time of action
of the input signal; fi is the frequency to which the i-th filter is

tuned; C is the proportionality coefficient.

This quantity allowed us to determine the position of the mean
frequency fI within the limits of the pass band of the k-th filter
lu > 1]:

LV’
2/1’])1
o i=1
J1= —— (6.3.7)
2P

i=1

and to consider the influence of x changes in the energy characteristics
of the spectral maximum, determined primarily for the situations of
formant structure of vowel sounds analyzed (particularly plosive

182



sounds):

wo (6.3.8)
z=InC 23~%}.
[=y

The proportionality coefficient C, characterizing the weight of the
sum following the logarithm [see (6.3.6), (6.3.8)], on the basis of
experimental data, was selected as 103 (area of analysis 315-1250 Hz). /181
On the basis of preliminary experimental processing (see also Shearme,
1959), the group of filters U was selected at a level (2-4) db below the
filter with the maximum mean power Pk max 2% the output. The value of W

in these experiments was found from the conditions

W= g vheny/ — 1; 2

’ L3

W =2 when U > 2

and the 7-th filters (or filter) from set U was determined, such that
the value of the centroid fI [see (6.1.1)] was located between their

adjustment frequencies (or within the adjustment frequency where

W=1U=1). The sum ZPZ estimated the minimum energy (mean power) of
l

the spectral maximum considering its expected width and the character-

istics of the filter system of the spectral analyzer, which had slight

overlap in the frequency range investigated (in the overwhelming

majority of cases U < 4).

The increase in quantity M corresponded to an increase in degree of
emotional stress in 80% of all experiments performed with actors. We
note that when there were two separate spectral peaks in the frequency
band being analyzed (with a gap of -(2-4) db relative to the greater of
the two) the significant peak is that for which estimate fI is greater.

The unsuccessful experimental results, in addition to the low resolution
of the analysis, are explained partially by the experience of emotion-
ally colored states during recording of the background level, i.e., when
the actors imitated quiet situations, which was indicated by electro-
cardiographic recordings. Naturally, this led to disappearance of
characteristics detected in comparative analysis. Figures 72 and 73
show the spectra (output signals in spectral analyzer channels) of the
expressions ''Ya Almaz" [I am Almaz] and '"Ponyal" [Roger] (pronounced

by two actors), allowing us to obtain some idea of the changes in the
values of x, fI [see (6.3.7), (6.3.8)] in various emotional situations:
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Figure 72 shows -- A quiet, B triumph, C fear; on Figure 73 -- A is
quiet, B is joy, C is alarm.

Analysis of the figures indicates a considerable increase in the
pulse frequency (above the norm) under these conditions of emotional
tension. Recording of spectra on paper was performed in logarithmic
scale using the stripchart recorder described above. In order to
investigate the behavior of the speech signal envelopes in several
frequency bands and clarify the nature of changes in the spectral
structure, considering the coarseness of the resolution of the spectral
analyzer with the one-third octave filters, some of the calculations
(90 pronunciations of words) were performed by type M-20 digital /184
digital computer (see §6.2) at the Institute of Mathematics, Siberian
Affiliate, Academy of Sciences USSRI.

As an example, Figure 74 shows the envelopes calculated by machine
for instantaneous spectra @1(f), @2(f) [during observation time (0-T)

and (T-2T) respectively] and current spectra Ql_z(t), ®(f) [observation
time in the first case (0-2T) and in the second case (O—TC)] for the

word '""Ponyal' in the frequency area being investigated when spoken by an
actor under certain conditions (see Chapter 2) for the state of rest
(see Figure 74 A) and joyous excitation (see Figure 74 B). The
frequency step of the spectral readings was 25 Hz. The analysis
interval T = 100 msec was determined by the length of the voiced (vowel)
sounds, Tc from the duration of realization of the word (coordinate

origin at point t = 0). It follows from analysis of the graphs of ¢(f)

that during emotional tension the spectral areas with various degrees of
energy concentration (200-350, 375-675, 875-1050 Hz) were expanded
(particularly 375-675 Hz) and shifted toward the higher frequencies

relative to the corresponding zones for the state of rest (150-225, /185
325-450, 475-625 Hz). However, in any of the situations analyzed, the
resulting spectrum ¢(f) is a function of the entire realization

investigated [see ®l(f), @2(f), @1_2(f)], the width and frequency place-

ment of the area (second) with greatest concentration of energy in both
cases depend on the nature of the formant structure of the spectrum of
@1(f) in the frequency zone being analyzed, which is determined basic-

ally by the quasi-stable sector of the plosive vowel sound, since the
duration of the plosive "P" sound is short in comparison to the

T"The authors express their deep gratitude to the colleagues of the
institute N. G. Zagoruyko, G. Ya. Voloshin, B. M. Kurilov, V. V. Vlasov,
V. K. Lozovskiy, for their cooperation and help in performing this part
of our work.

184




Z”MMMU NUU U“\mm

13 14 15 16 17 18 19
db
40

8)
, I
M m
2

0
10 !lm
0 k{ ¥
8 [ VA KR I 5 1 /5!7/8f] 20 2
40
37 J i
20 ;\k bt ' "
0 ) ‘
J
0 J¥M_ LU LJ 1J\ﬂL N
586 7 8 9 10 Il 1’2 13 1% (5 /5 1718 19 20 2/
L \ ) : A)
1 “4‘ ",.«- -m-&-— B e I | .

.P,mw4f«#b%ﬁm~ha

173 beats per min

8l
B e S e PR

25 beats per min

o’

N e s e PN ISV AN IS1 N S SN N

J4%. beats per min

Figure 72

185



41

L[LmW\M U\M\ML N

L1 2 3 45 6 78 § 10111213 145 15 1617 1819

T
A

TU 1 23 4 56 7 8 9 {0 12 (3t 15 16 17 13 19 202122

4]
N (RN WSRO DU SRS W S W B

80 beats per min

A

105beats per min

MJLJFMLWLJLWJLMLWW

iW2beats pber min

L

Ly

Figure 73

186



observation interval T!. In this sense, composition of graphs of @1(f)

(see Figure 74 A and 74 B) allows us to perform differentiation of
situations according to the degree of emotional stress. These specifics
were also observed in experimental modeling of negative emotionms.
Analysis of the changes in the spectral composition of vowel sounds for
various emotional states was not performed separately.

The preliminary results of machine processing also showed that
characteristics related to the usage of the tnvelopes of the speech
signal in certain frequency areas might be quite informative (see
Chapter 2). In the case at hand, spectral resolution of the process was
achieved using five slightly overlapping filters, the pass bands of
which were determined using the formula

Afn = 2V (225 - -450) . Hz
where N is the ordinal number of the filter (1 < N < 5).

4l P
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Figure 74

T These discussions are true for any word with a similar spectral
composition.
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After the corresponding nonlinear transforms, the envelopes of
signal uN(t) were separated in each of the channels by an integrating

filter with a cutoff frequency fco = 25 Hz, which in turn determined the

quantization interval Tq = [2fco]_1 for input of data to the digital

machine.

In order to estimate the degree and nature of emotional stress, we
use the quantities A, u, n:

et . oA . .
Lo gy <l = 0 fF gl
ady o 25}
o= =1 4
o o . 5 . .
\--&—l_— if 095<O€1y PN if 57::%<:x;!’
B B

[}
.

Powe g T 2 g gui(l)a’f? A
. : \ (6.3.9)

An increase in emotional stress corresponded to a decrease in the
sum A beneath its value in the state of rest, while subsequent /186
differentiation of the nature of the emotion was performed on the basis
of comparison of the quantities u and n. Where n > n, negative emotions
were recorded, while where u < n -- positive emotions were noted.

These rules were used to estimate the states of test subjects in
experiments on experimental modeling of human emotions (see Chapter 2)
by actors (ten speakers). Conditions were imitated causing the
emotions of '"'fear' or "joy" (pronouncing the words '‘ponyal,' ''khorosho
[good]). Proper identification of emotionally colored states was
performed in 37 of 40 cases, while in two situations (of those separ-
ated) the state of "joy'" was confused with the state of ''fear' and in
two cases the state of "fear" was confused with the state of "joy.'" The
nature of the changes in the speech signal envelopes at the outputs of
the five-channel analyzer (word 'khorosho') is shown on Figure 75
(A -- "quiet," B -- "joy," C -- "fear").

In conclusion it should be noted that in order to estimate the
reliability of the spectral characteristics of speech intonations
described in this section, further testing and clarification of the data
produced using broad statistical material, including investigations
under actual conditions, are desirable. In the next section, we will
analyze problems of the practical utilization of certain results.
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§6.4. Practical Application of Results
of Spectral Evaluation of Speech inton-

uftl ation Characteristics

24

3t The method outlined above was used
201 in combination with other electrophysio-
A logical indicators for a qualitative
evaluation of the degree of emotional
stress of cosmonaut A. A. Leonov during /187
%g/ his flight into space (the flight of the

Voskhod 2 spacecraft) and training in

the heat and pressure chamber. The
results of resolution of his speech

signal into a spectrum using the band pass
spectral analyzer were investigated.

40

Let us analyze the errors related
to application of the method in the
2 presence of additive, stable broad band
noise, since the flight recordings of the
conversations of the cosmonauts contain
noise. Based on spectral resolution of
fluctuations in pauses between words, the
—L ¢ noise spectrum can be approximately
assumed even through the band width of
the speech signal analyzed.

Figure 75

Processing of the experimental
material on the band pass
spectral analyzer (see §6.3) showed that an important portion of the informa-
tion concerning the degree of emotional stress of the test subject when this
method is used is included in changes in the weighted mean frequency fI;

therefore, we analyze below the approximate estimate

U
.2]fﬂ3

P (6.4.10)

which has less dispersion than the quantity M [see (6.3.6)], resulting from
fluctuation noise, and allows the final expressions to be simplified.
It follows from our analysis of formula (6.4.9) that fI is a function of

the variables Pl""’PU and, consequently, the calculation errors in fI depend

on the measurement errors of powers Pl""’PU at the outputs of the corresponding
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spectral analyzer filters, a block diagram of the k-th and m-th channels of

which is presented on Figure 76 (m = k + 1; k - 1). The input action y(t) is
an additive mixture of the speech
signal s(t) and the fluctuation noise
n(t)

—_ /f} P __;K/HI ,“.',/i..}.,_-»--—-— I‘ ~1- 7 { 4 . 11)
F 4 I I EEI: ~ { o
‘L_l-_—l: ,_' t_____} r.-L-—] Y ( ) =8 () ! 3 (')' (6.

b=

A
o W o }éﬁr/_m._ﬁ::iiifﬁ’.
m . (2IMT gt . .
Using the results of experiments
and the method of investigation of
Figure 76 the speech signal, it can be assumed
that one of the determining factors
in the evaluation of the degree of
emotional stress of the operator in this case is the change in the spectrum of /188
vowel sounds, particularly plosive vowels. Considering the fact that the T
period of oscillations of the base tone (Tb < 10 msec, see §6.1) is much less
than the duration T of the quasi-stable se@for of the voiced sound (in

particular a plosive vowel), we will represent the speech signal at the output
of the spectral analyzer in an idealized form (Sovozhkov, 1963; Pokrovskiy,

1962):

!
s{l) -= %ﬂ«i~ 2" Ay cos (nwpr £ — §a), (6.4.12)

n=-1

where An’ ¢n are the amplitude and phase of the n-th harmonic; C is the

angular frequency of the base tone.

Expression (6.4.12) can be written in combined form:

1 i
i . jos nt 1 . o h
s(8) = - ) Ajoprnye’ PV = 5o 2 AP 6.4.12")

1 —1 H=—-

where
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A (]U) btn) = An = Aae_j;“ S {3 jbn;

A l-j'"bt (— Il)] == fi~7l == Anej’"" =ty -l Jbn;
2
. 2 - jo ¢
Ay == Th g s{f)e ot " g,

We note that the relative error in calculation of the correlation function of
signal (6.4.12) due to the finite analysis time T > 0 with increasing quantity
T and for the observation interval T =~ 100-200 msec (Tbt < 10 msec) does not

exceed a few percent (Voloshin, 1964).

Process yk(t)[ym(t)], produced as a result of passage of input action vy(t)
through the filter system of the analyzer @k(Qm), is squared ayﬁ(t) =
= zk(t)[ayé(t) = zm(t)] and further averaged over time T by the low-frequency
filter LFFk(LFFm), the pulse transient characteristic h(t) of which is assumed
even (see also §4.2, 4.3)

ho(t)y = 1/T. (6.4.13)

The output signal xk(t)[xm(t)] is evaluated in this case by the mean (over the

integration time t = T) power of the process in the k-th (m-th) spectral
analyzer channel. The operation of comparison of estimates xi(t) in the

assigned spectral range is represented in Figure 76 arbitrarily by unit P (the
block diagram illustrates the case of only two channels for simplicity: k and
m). The comparison signal with threshold £(t), characterizing the change in
state of the test subject, determines the set of values xi(t) which is then

used for calculation of the weighted mean frequency (see §6.3).

Since the pass band of resonant system & (or @m) is much narrower than

the frequency band of the input noise n(t), which has an even spectrum, the
distribution of noise at the outputs of the corresponding filters of the
analyzer will be considered approximately normal.

Considering the above, let us write the expression for the correlation
function of process zk(t) at the output of the nonlinear element of the k-th

channel (signal and noise assumed independent):
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By (8t —7) = [y (0) + s (D1 [y (L — ) + 55 (f — 1)]P0? =
=3 (&) n (0 — 1) + 203 (E) my (1 — 1) 53, (6 — %) + 12 () s2 (L — ) -
b 2o (O) 1 (8 — 1) s () + by () (E— 1) 53 (1) 5 (0 — T) +
+ 2 (1) 53 (2) 83 (¢ — ) +53(0) ng (8 — ) 4 20t — ) s3(t) sult = 1) -
4 sE (1) s} (1 —).

Here, for simplicity, we assume a = 1. Keeping in mind the equality for
normally distributed quantities

LTy Ty == X %g - Xy 71~}—7113 ey A 2y J,IJ, Gylgds == 0 75:’20;

we introduce the representation

Be(r) = () u(t —1); 2 (1) = o%,

and obtain
sz (t, t— ) == ‘Jm i —'Bﬂ] (T) i v'ﬂ) S’ (l - T) i (t)] +-

+ 4By, (v) si (8) 53 (8 — T) - s2(0) s} (¢t — 1),

(6.4.14)
and, after time-averaging (wavy overline)
B0y = T () Py 2 B (94 G 00 sk ()
- A8, (1) sk (1 )v, t—1) + 5% m—n
we find
Bl (x) == Ghy 257 Py b 2 (1) - 4B, () Be (1) -1 233, (%), (6.4.15)
where /190
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S ST = B (0 5, (0w (F=7) = B, (W) s} = Py,
In the general case, the time correlation function of the deterministic signal
sk(t), acting where -« < t < «, is determined by the equality

uxogﬂ

B (v) = 1im o \ s (s (¢ — ) dv,

T —co

)™

which, for example, for a deterministic periodic process with period t_ can be
written in the form p

~
o

oo e e s -y

The time-averaged value of mathematical expectation m; of process zk(t) at the
k

output of the k-th squaring device is determined from the expression (a = 1):

’N;I_. ;lg\lj';.}l E—[) i -”i‘; ‘[)]l- - Gl ’{' P:‘/.' (6.4. 16)

s

Expression (6.4.15), characterizing the energy spectrum of the reaction of
the nonlinear element (4.2.25) to the input action yk(t), allows us, using the

known parameters of the integrating filter LFF,, to perform an estimate of the

k,
spectrum at its output (4.2.2). The first two terms of formula (6.4.15)
determine the constant component (sum of square of dispersions of noise n(t)
and mean power of beat between components of random and deterministic input
action frequencies), the third component corresponds to the discrete spectrum
(harmonics of beats of components of deterministic portion of process), while
the fourth and fifth terms define the continuous portion of the spectrum
(result of beating between harmonics of deterministic and random components and
components of random portion of reaction yk(t) of filter @k respectively).

Problems of the calculation of the correlation functions of signal sk(t)

and noise nk(t) in expression (6.4.15) with fixed input action y(t), parameters
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of the filtering system of the analyzer @k and squaring device of the k-~th
channel (see Figure 76) are presented in detail in the literature (Levin, 1966;
Tikhonov, 1966).

Calculation of the sums of various combinations of components in the time
correlation function B;2(T) [see (6.4.15)] in the case of deterministic /191
periodic signal with period TO is presented in Appendix 4. We note that
process sk(t) at the output of the k-th filter of the analyzer is represented

in the form [see (6.4.12')]

‘ !
1 O , . D i F I . ie
§i 1) = = ”%. ]4-1 (jrro b Y IT) (jrinpg Yoo BT -5 >V G bt (6.4.17)

2ammen]

where
(:',_.’ n= Cy e 700 O (frun bt yooo A {jrea bt) Ao (fne bt Y.

where Hk(jnwbt) is the transfer function of the k-th filter.

For real functions of time, equality (6.4.17) is equivalent to the
expression

4
. Cy . . .
si (1) e e 2iCncos(nopd - ). (6.4.18)

=y

Analogous discussions can be performed in estimating the mutual energy spectrum
of responses zk(t) and zm(t) of the nonlinear elements in the k-th and m-th

channels, which are characterized in the general case by the time-averaged

mutual correlation functions B; 2 {t) and B; 2 () (Levin, 1966):
k™m m-k

B (@) D (1) 55 () i, (= 5)

+ Bag (1), (6.4.19)
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where
Biegr (1) == 52 (1)s2 (L —a); 3 (v) = g (L) 10 (£ — ) @ = 1
s;.s;n ) T vy Om 1 Ty, — Iy e \v 1'): a == .

The mathematical expectation m {(T), the dispersion ci (T) and the second
k k
mixed moment Bx x (T) correspond to the outputs of integrating filters LFFk;
k™m
LFFm of the analyzer at moment in time t = T are determined on the basis of
formulas (4.2.8), (4.2.13) and (4.3.95):

(]
o
.

M, (L) = (1) \ D (T —12, T) 2 (1) 13

o (6.4.20)
o2 (1) = (=t 1Y@ 1oy D) (200 5 — 2 (5, (0]
: ta (6.4.21)

X diydty;

oo

])):"kxm (T) = SS h (7 — 7) L (T - t.‘lv ]) [zk (tl) Zm (12) -

—Co

(6.4.22) /192

_ é}c (1) —Z'—m (E2)1dt\dt,.
Process zk(t) is unstable; therefore, mathematical expectation zk(t) =m, ()
k
cannot be removed from the integral sign (6.4.20).

In many cases, in order to compress the dynamic range, the operation of
integration of process zk(t) is followed by logarithmic transform zk(t):

() log .. (£)-

Since in the case at hand, strict solution of the problem of finding the
required characteristics of function ck(t = T) and the second mixed moment

BE c (T) requires rather complex calculations, assuming at the output of the
k°m
integrator m (m > oL (T), we can use the approximate expressions
k
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5 (1) == (T -+ (1) — 550 = i (7 |1 D=0
@y (1)

8 (1) = log 7y (T o+ log [1 4+ 0260 e dog 2,17 +
wx (1)

(6.4.23)

?

allowing us to simplify the required calculations and produce rather satis-
factory practical results (Smirnov, Dunin-Barkovskiy, 1965).

On the basis of (6.4.23), the dispersion o§ (T) and mathematical
k

expectation m_ (T) of the logarithmic function ;k(T) are equal to

k
Li (1) = log &y (T); (6.4.24)
62 (T
3} (ry = 2x
i la (1)) (6.4.25)

and the nature of its distribution is determined by the distribution of the
centered random quantity ak(T):

— (@ —a ()

(1) G

(6.4.26)

The second mixed moment BC . (T) after logarithmic transformation of the
k>m
actions xk(T), xm(T) is easily expressed through the corresponding character-

istics (6.4.20), (6.4.22) of the outputs of the integrators [see also (6.4.23), /193
(6.4.24)}:

TN (7))~ Bn (7)) - -
e D) = N [ (N = iy (] By, ()

T ) (1) e ()

B, (1) = 15:A(T)

(6.4.27)

Let us analyze further the problems related to errors in measurement of
the weighted mean frequency fI due to fluctuation noise. Assuming in our case

(integration time T much greater than correlation interval of noise Tcor) the

masses of the probability distribution (xl,...,xU) are concentrated primarily in
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a small area about point A (El, - ’;U} , we can replace with some approximation

the function

U
zl'i (I f;
. N S
(T =—% (6.4.28)

i (D)

=1 .

by the linear terms of its expansion into a Taylor series about the point A L
Exl (T).. =Xy (T)] (see §4.3)

oy |
' i (1) 13 ‘
- afy (1) = [
(N =5—+ Z oy s (1) — = (D)l (6.4.29) ]

5‘ x; (T) =t ;

fe=l !

M.ﬁ

The mathematical expectation Me (T) and dispersion c% (T) of centroid fI (T) can
I I
be found on the basis of the expressions

7??,1. (T) (T} e Fa— |
Em (6.4.30) A i
=1 .

L ST B (T "y (T =
2 m“fi'ax-a') 1) — T 3 (1) — 55001 = (6.4.31)

o rr '_'I(Tﬂ?’:; 1@ l/}\zx-, ),
le @ ) |

L2

L=L

H
M
M e

2 (1)

t\/ﬁ

T

I
I

F

A
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where [see (6.4.28)] /194

t i

SIS ST
ie )= S T

2'¢ (1) - i=1 , e Yy pae o
Ry 6 D A s ";bxﬁﬁ(j) ~:3;i(7),/- J.

21 2150 21 ()

=l j=i i1

Thus;, formulas (6.4.30), (6.4.31) allow us to calculate, under the
conditions cutlined above, the mathematical expectation and the dispersion of
the weighted mean frequency f_ on the basis of the characteristics (6.4.20),
(6.4.22) (output values xi(T) of integrating filters lffi). We note that with

normally distributed arguments x » Xy (Slepian, 1958), it can be considered

170
that the distribution density of the probability of function (6.4.29), a linear
combination of random variables X1 esXys is also normal, Since in the

practical problem which we are analyzing the frequency characteristics of the
spectral analyzer filters are approximately assumed weakly overlapping (and
rectangular), we produce [see (6.4.22)]

D (1) =0 Do (E0—1):0

’, e z
AT “L*m

and formula (6.4.31) is written in the form

PR AW -"L-HII (73 —,3 ]‘)
TR B A (6.4.32)
2J.l'y(1)

Expression (6.4.21) can be represented as follows:

Q

1y - S DR = T Bt 1)

P2

(=]

——-?,-J(H) T ety \\ LT =ty TY (T —t, 7) [2/35};(151" {2) +

AL (T L) s (L) 5k (f2)}dtydls. (6.4.33)

where

[see (6.4.14), where t = tsT=t -ty a= 1]
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(L) 4 sk (L)1 - 403, (b — ta) s () 53 (12) - 53 (1) sT () —

== G = Sy (8 () 4 Sk (0)] = ST (0) $T (1) =2 203 (6~ 1) +
4

‘f* Aljnk (t]_ —_ [2)5‘}‘. ({1) S}; ({2).

Considering equation (6.4.18) for signal sk(t) in the k-th channel (the /195

constant component in the frequency band investigated is equal to zero), and

keeping in mind the general "expression for the correlation function of noise
Bnk(t1 ~ t2) [see (4.3.80)]

I))nk ‘{1—' tg) = B'n};() (tl '"“l‘.z) [SE MO (l’] —— {.:)

at the output of the narrow band filter with frequency characteristics
symmetrical relative to the resonant frequency Wy, we produce, when the

following inequality is fulfilled

. 0,0 -
A[’ i-= -—,Ir %(-) bt

where AFi is the pass band of the integrating filter (4.2.28), meaning

separation by the integrator of a band of frequencies adjacent to w = 0 [see
(6.4.15); 84.2], an approximate relationship for the dispersion ci (T) (the

k
upper estimate we produce is W = nw

3 < <
bt s 1<n<1l)

o (1) = Sg\/l(y'-- fy, TYh(P -ty TYIB alh = 1) &
b Bgo (G == 1) Cii, n] diadl, (6.4.34)

where the integrand uses the video terms of the expansion
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4Bn,o(t1 — 12) €050y {1y — 15) Cy, €08 (D a3ty — Py, n) Ci, n €OS X
X (nwy, ofy — Py, p) == 4'B"}.~° (t1—ta) cos @, (t; — £3) <

2

c2 _ .
X g [005 0y (s — ) +| cos [ (1 +1oj— 2, )=
=B%MH-JQCidi*cw2w0r—M%me%h—wsJ+®>HWr—%mF

23?1,: (ti—1a) =1 Jn o0 (li—12) [1 - cos 2wy (£; — 25)].

The other components, arising due to beating of the signal and noise, are not
analyzed, since their contribution to the output effect of the integrating
filter in this case is insignificant. Performing in (6.4.34) replacement of
variables T = tl - t2; t2 = t and considering that AFi < Afk, where Afk is the
pass band of the k-th filter, we produce [see (4.2.15); (4.2.30); (4.2.55);
(4.3.90)]

(T —t, Ty b ('—t—7, T)[B0(7)

lmS
81/‘.0

%, (1) =

€, B o (V)] dtdT = Q o (T, 1) 153,0(T) 4 € By (1)) dt 2

2 2 3
= 7 By i n])n. )] dr.
7 (S[ 0 (T G, o ( )] (6.4.35)

On the basis of similar considerations, formula (6.4.20) is represented in /196

the form

% - 2
A1) = S h(t—t, 1) lnk (£) 2 Crn 008 (ny o8 — Py, ,])J dt =5
—_—D0 n—=1
!

= o, A >

n==1L

(’} n
: (6.4.36)

we note that the limits of summation of signal components are determined for
the given input process s(t) by the transfer characteristic of the k-th filter
) [see (6.4.17)]. From this point of view, ,the sum

Hk(anbt
2
Ck,n

1 2

™M
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characterizes the power of the signal Ps at the output of the k-th channel of
k

the spectral analyzer.

" The mathematical expectation of quantity fI(T)

I3 o

U

15 U -

— i1 o ~ Yny
Sm@ A G, Py 2l (1——,sf + 1)
P 1

1 i'—l__ - _E l. RS
v, Lo (6.4.37)
2t (T) 215, i D) S Pqi( - 1)

i1

where

1.2 . -const 1is equal to [see (6.4.10), P, =P_]

U
Z/ipsi
bt .

.
2 i

i1

) fr- (6.4.37")

In the case of different signal-noise ratios in the filters of the analyzer

—
=

P, ==
! X

equality (6.4.37') is fulfilled approximately, more accurately, the stronger
the inequality

6’
Yl"

Py,

<A,

Substituting the value of the correlation function Bn O(T) of low-frequency /197

k
fluctuations with spectral density 2N0 even in the band Awk into

integral (6.4.35) [see (4.2.25)]
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‘ /\(()A’r
. 1 I . 5 TEM TTTETS
I3 )= oo i 2Ngeosovde G e 2
“ko( ) Za .\" 0f ovdo L Naogr
,.\w' ﬁ.i._
-
) ;\"o ‘.\(l‘-/,
5 T
k T
we produce
YOI A,
» o ¢, sintl— G- sin-—yt- )
G ATY ~ . —_ N (s .= ~
\’.\,‘. (—[) =% (\ On; <'\")/ . ), RN Kt J(JT
0ol 5 —y
b a0\
J:IJ“); i ) (;:‘ n
B AT LR e (6.4.38)
AN ny /

2 e o [ LY,
c/l ('/} Tl LI'.'M - _. ’ "\’ri (I )
B U NV
-
/s 2
T U == — 1 2\ g
M&-S’ [ ha) oo Ly o (6.4.39)
= T ;_ 1 ‘ E‘ ) e - 7 - i TS '»3'1 )"7‘“1 .
- \f‘.J 6;1/“ T ])37/:7;[) L/

where, as was already noted, Ci n/2 is the output harmonic of the signal of the

i-th filter, the number n of which depends on the value of the resonant
frequency of the i-th channel of the analyzer Wy and is determined from the

condition nw = W Analysis of formula (6.4.39) indicates that with other-

bt
wise unchanged conditions, dispersion o% (T) decreases with increasing ratio of
I
the signal-noise value PS /o% at the outputs of the integrators (1ff).

7 71
Assuming further to produce a top estimate within the limits of the invest-
igated U-group of filters
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P, / X .
min {'-u;'“} == 2 = const, max | i-) —1 l = [) == consl;
5% L
Ill
Y C?, "o PS:
min {Aw;} == I == consl, 52 g2 0 (6.4.40)
“Tnj nji
we write equation (6.4.39) in the form /198
U
e A
2 g 2P LY 28) 7
31 (1) L e T A 7 A . 6.4.41)
(L1 1) Y S
l-zw-}l nth—-ll snl Gnm

If the energy bands Afi of the filters @i of the analyzer are expanded as the
resonant frequencies fi are increased (for example, third-octave filters) in
proportion to a certain coefficient d > 1 (Afid = Afi+1) and the input

2

noise spectrum n(t) is even, the power of fluctuations ol can be represented

in the form

. 5 .-
s,lid : G”’H—L , 1 \<\ A U,

In this case, using the formula for the sum S, of n terms of the geometrically

increasing progression dl’dz""’dn

n 4
difr 1) , o dy e dhg™ Y

Sn 7 1
we find [see (6.4.41)]
> o ) i v et Yo
gl Gni ‘32;-'1 ) 1 "‘ - I,v.:-L —_—
—— T - — "l' o ——TiE e - ”-?__ ﬁ:
Z N4t 5t oAl me [| 1 _‘l_fff{_r _:_Q]
et .m’:l i T dn T»:']_ m:,-l T
n_(d'~1Xd?_%12_
o F e =) (6.4.42)

and, consequently,
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U
2 (7Y 7y 23 (11 2BY(d — )Y 1) U1 (6.4.43)
oI (1)= [ ()P TE (14 BRd+ 1)@V —1) -
Selecting, on the ba51s of the conditions of the experiment [see §6.3; 6.4]
B =3; E =690 1/sec; = 1.24; T = 200-10 3 sec, we produce an upper estimate
for the mean square values of the quantity f (T3

6 (1)< 0,017, (T), D =017, U =2;

6 ()= 0,025F (T), D= 0,3, U =3; (6.4.43")
Sy (1) 2= O0Af (T), D= 0,57, U =h4.
Formula (6.4.43) is not correct for determination of the formant area of a /19¢

speech signal within the limits of the i-th filter (U = 1), since in this case
fI(T) = fi [see (6.4.30)], and the coefficients of the expansion into a Taylor

series (6.4.29) for function fI(T) become equal to zero (f. - f (T) = 0). 1In

this case, we can use, for example, the assumption of even dlstrlbutlon of
values of the centroid within the limits of the pass band of the filter Awl, and
consider

) Ao} Af3
{S/ TN ewemeeeem T

I 4302 12

Measuring the power of noise at the outputs of the integrating filters in the
pauses between words (which was possible in the experiments performed), we can
improve the estimate of the weighted mean frequency fI to some extent.

Representing the output effect of the k-th integrator in the absence of a speech
signal as x’k(T), we can represent equation (6.4.28) in the form

2_ frg ()~ (1 D ,\J: ‘L (1)
t -

F ) - A e B
Al ., ]\ Ty:ri (7)
2. [ (l)- z,< ) 2_1

On the basis of the formulas [(6.4.29), (6.4.30), (6.4.32), (6.4.36)], the
mathematical expectation and dispersion of the quantity f;(T) are determined by

the expressions
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—_— 8 Pbifz
R
2 Py
i1
U Rl L)
NGE 5O e (6.4.44)
i\ c;;.(f) i

where

Ny (1) = X, (1) — N (1) = Py,

Analysis of equations (6.4.44) indicates that the mathematical expectation
of the estimate of the weighted mean frequency with noise ff(T) is equal to the

value of centroid fI without fluctuation noise and is independent of the

signal/noise ratio [see (6.4.37); (6.4.37')], i.e. this estimate is unbiased.
Keeping in mind the possibility of rather long (T'), the measurement of noise

3 ' g2 > 52 2
power in pauses between words (T' > Teor’ 9% ° ox,i where Psi/oni - 0), we 1£Y0
write, on the basis of the theorem of dispersion of a linear combination of
random independent quantities,
ozf () 5;~’.i(’1')~4'.— 3§j(’[')zs_\fi(T), (6.4.45)
from which, considering the factors presented above in concluding formulas
(6.4.43), we produce [see (6.4.44)]
2oy - (IR e )
%;(1) = [ f1(7)] TER 4 Y - 1) , (6.4.46)
where
U U p v
3 S a
2 Py= 3 o= B o}
i=1 -1 i i=1
« N ‘
| 72D (6.4.47)
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In order to select the output values xk(T) (or xi(T)) of the group of

filters U according to some threshold criterion, required in calculating the
weighted mean frequency (see §6.3), we used an approximate method for
calculating the dispersion of the mixture oi (T) in the analyzer channels,
k
since the value of the signal/noise ratio included in equation (6.4.38) is
generally unknown. From our analysis, estimating the relative error Gx (T) in
k

expression [see (6.4.36), (6.4.38)]

. Sy, (1) YA TR
—_ kS e A A
D=ty =1 wr Vo (6.4.48)
Psy
min{ 2" } = I3,
P
it follows that 6x (T) changes monotonously within the range
k
0 By (1) e
a7 Oy, (1)< VA
with simultaneous change in B within the limits (AfkT -- fixed), = = B = 0.
Measuring further the power of the mixture of signal and noise at the /201

output of the linear filter (in the frequency band AF = 5 kHz), we produce
for the relative error 6(T) [see (6.4.48)]

20 g (7)< | whenB —0; T = 200107 sec..
() )

therefore in the first approximation we can consider a certain measure x(T)
equal to the mathematical expectation of the process at the output of the
integrator

(Y= u (D)= P, + 5

[

where Ps and oﬁ are the powers of signal and noise at the input of the

spectral analyzer. Similar discussions remain correct also for measurement
over time T' > T of the power of noise passing through a linear (or any other)
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filter of the analyzer:
& (1=~ (T) = o

We note that in comparing the calculated value of quantity fI(T) or ff(T)

with its mathematical expectation, we can also consider certain facts
concerning the smallness of the relative error of measurement.(6.4.43'). On
the basis of experiments performed earlier (with no noise, see §6.3) for the
words analyzed, we foundthat the power of the signal in the j-th filter (in
this case the spectral analyzer channel with maximum output within the 1limits
of the frequency band investigated) is characterized by inequality

PS < 0.5 PS, so that, keeping in mind the considerations presented above, we

j
produce
Ty -2 (T
st < _"f_g)__z._(_T). = i—é—) . (6.4.49)
v D
Thus, assuming z}lgi»—liiﬁ and knowing the measured values of
i -
62 ...02 ...02 , we can produce maximum estimates of o2 ...02 ...02 [see
n, nj 0 Xy xj

(6.4.38)] with known parameters Afl...Afj...AfU and observation time T. Since
the random quantities xi(T) and x'i(T) have normal distribution in the first
approximation, their difference x;(T) = xi(T) - x'i(T), like any linear

combination of such quantities, is also distributed normally with dispersion

oi (T) [see (6.4.45)]. Further, we analyzed the ratio q, 3 for each pair of
i 5

channels with numbers

j’ d«':-(j—'ll), L (1_1)~ (j"{‘l), PPN (] —!—1));

BAYERIG
ey

where /202

Sy e (1) o (1)

b is the threshold coefficient, corresponding in the case at hand to a
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decrease by 2-4 db of the reading of the j-th channel, b = 0.4; bzoi (T) is
J
the dispersion of random quantity bx;(T).

In testing the zero (threshold) hypothesis, if x;(T) = bx;(T), the modulus
of the normally distributed ratio a, j with probability 1 - 28 does not exceed
3’

the boundary tB (in our experiments, t8 = 2.58; 28 = 0.01); tB > Iqa j{' In
3

the case |qa jl > t,, we assume, as we know, the hypothesis
3

B

D> b (1), g, >0

(1)< b5 (1), 4, <0,

and the zero hypothesis is negated; therefore, quantity U, estimating the
number of channels of the analyzer, for which the hypothesis (that the
threshold is exceeded) is correct

o (1) > by (T)

is determined by the equation

Uz (jA-p)—(—n)-} L-p4-n-- L
(6.4.50)

In conclusion, before going over to the results of our experiments, let us
analyze certain problems of estimation of the precision of the method of
linearization in calculating the dispersion and mathematical expectation.
Retaining for this the first three terms of the expansion of function fI(T)

[see (6.4.28)] into a Taylor series about the point A [xl(T)...xU(T)]

) = Yo (1) e
Frl) = g+ By ()

E @ (T) i=] ¢

U
1 @) oy AN 0/ (T) ° o ®
o5 2y i) + 2w man m DB @)

=1 12

(1) =y (1) = 7(T),

we produce the independent, normally distributed quantities xi(T) /203
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_____ 2w
RO - =y )
) (1) -1

U
5 : N (T) 1 0 0
G - S [ e
i=1

Bueg (7)) T

[ @)
12

i<

where,

as before, after calculationvof the derivatives of the function
¢(x1,x2, »X,), the variables should be replaced by their mathematical

expectations

lj G

U
15 [ SON
: ;‘Jl d"‘(/) .

g (11, cey ‘1-1\')'

.mﬂﬂwﬂﬂ]S%UWﬁﬂfx

(6.4.51)

(6.4.52)

Let us determine the coefficients included in expressions [(6.4.51), (6.4 52)]

d: (/)

2l

b2 (1) T Tax (1)

i=Lj -t
b

?ZL " (1>[

11411111

(’/1(1) /

‘,(1>-~ i‘J=<T>f-]

)‘ ¥ }f 3" (1) (T) o) (1) 7y (1)

AN 9 ;i“j/‘]('/)#'

acy T 7

iw1j 1

U
R S
0wy, (1) 0z, () — Oy (1)

’l“l

e f=1j=1_ i=1

U

JCI

m49

il

i j=1 k=21

|T

1

U
prZmewn Z PPVWD—YHW

L
2 2wy e

U

i=1

v v
IR YE G EED YOI
i =1 i1

U o
E E w (’/ ) .’l‘). (T)

’

hzmm-ﬂaam‘

U
D (I (D) (T) 2y (T)

U

(6.4.53)

209



&y (7) Ip+1x—2: D), (6.4.54)-
ae, ae, (1) de,, o (0 )

S (1) (6.4.55)

Substituting the values of the coefficients which we have found (6.4.53),
(6.4.54), into equations (6.4.51) and (6.4.52) considering (6.4.32), we
produce U

Z (D)}, U =TT
a7 A res B ' fi-=11(D) .
N = S — 3 [7,— u —’~»~~-] &, (1),
N TR . al TN T N
.r'i(f) ir= X v L) ». (1) -
i%JL i»:“l', -;J]_ l( ) J( ) 6.4.56)

BT T
. . [ Ay 5‘\-- 7 .
1<y VY T T 1 e
). @&, (T : N .
PP ENGET (6.4.57)

Let us use the method for production of boundary formula (6.4.43) to
estimate expressions (6.4.56), (6.4.57), providing the maximum estimate [see
(6.4.38), (6.4.40), (6.4.42)]. We note that the second term in equation
(6.4.56) may be equal to zero, negative or positive, which is determlned by
the relationship between the resultlng sums for dispersions c (T) and the

X3
tuning frequencies of the corresponding analyzer channels fi’ located to the

left and right of quantity (D) (T), therefore,

2an(L+ 2B)(d — D7 Y U1
- (6.4.58)

() = [ (1) l1 SIS YU RN (L)
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where f'I(T) characterizes the mathematical expectation of function fI(T) as

it is expanded into a Taylor series, retaining the first two terms of
(6.4.30). Let us analyze separately the second and third components of
expression (6.4.57). Assuming

we write /205

Li=nm .
2o fao
2, }J' (7 7, (75-
1 A=

U
5\ g1
" ](l 1)

Q

- 211 //211%‘_‘. ..f:* L
s, [Y N1l ‘ﬂ‘ ‘]

Ilhx

1 @[V — 1] (6.4.59)

S 2y A=
[ , dpﬂ L
i d 1 ]

’—2[ﬂf7§] 1:0: u“ﬂ_l)@/n Iy

((/1 )@Y — 1y

R 2
Z[ /s ~—-211(—”—] G (1) b, (1) =

B -23 2w @)1, (7)
I=1 k—1
, . 6;;1] 2 -D20-1)
=4[ (N D S
) A {l 'll"\ 1]
n’[lg'i }\ix
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U U
Z J2 V2051 ZJ J3i-1)

ngc

= 4 [f1()) DA ——:—U v =
l 1d7€ 1
(2 3]
2r1U-n_ )2 d4[(l4(u_1)——1]1
— Y2 12D? {1+ - a2 —1 ]] _—[H a1 -_-_lﬁ._.
i‘f (1)] ]] - 7 ) (I[(IU 1_ 1]} -
2 =1 (6.4.60)
N N 1)((1?'/ - d2)(d —1)*
= 41/ (Dp 10 (@ 4 1) (@Y —1)i(d2 — 42
Considering (6.4.38), (6.4.59), (6.4.60), let us represent (6.4.57) for a /206

maximum estimate in the form

Al "m[(rﬂh (= 1)4d -+ D(d” ——1) +
(c

i () = 1T (W Sl e | T iy Ziysa = §) @ 3

19 ((12’{~,1)(f1 Vo ay@d—(d-- nEv —1)
(d*— 1) (@Y - ) — 1) (@Y -1 1) @ —1)

and finally produce

o o 2[ N _/}’E(i—’ )/3)([1--—-1) .
Sy (T) = [oy () 511 - TH (L B (@0 - 1) (@2 1) (d - 1)

x (@Y + 1)@ — 1)+ 2@ ~d°)l} ,

where [o'f (T)]? characterizes the dispersion of function fI(T) when expanded
I
into a Taylor series retaining the first two terms [see (6.4.43)].

Calculations using formulas (6.4.58), (6.4.61) allow us to perform an
estimate of the accuracy of the method of linearization when calculating the
mathematical expectation and dispersion of the function fI(T):

U=2 F(T)=Ff(T)[1+0,0017), 57 (T)=1,02 [on(7)]%
U=4 Fi(T)=fi(T)[L1£0,003], F(7) = 1,011 5, (T)I%

The results presented above (see alsc §6.3) were used together wiih the
electrophysiological indicators for a practical estimate of the degree of
emotional stress of cosmonaut A. A. Leonov as hc performed his space walk.
Figure 77 presents the spectra (output values of analyzer channel integrators)
of the phrase investigated, 'Ya Almaz" [I am Almaz], pronounced by
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A. A, Leonov during the exit stage (the cosmonaut was located on the rim of
the hatch in the pressure chamber) during the flight (Figure 77 A) and during
preliminary training in the' temperature and pressure chamber TPC (Figure 77
B). The outputs of the spectral analyzer integrators were recorded on paper
using a logarithmic stripchart recorder manufactured by the '"Bruel Kjaer"
firm. The spectrum of the signal, as can be seen from Figure 77 (see also

Figure 72) is characterized by rather clear formant maxima, located in the
area of frequency analysis (see §6.3).

db
ﬂ7J
2z ! {
0 \ [ & 'L-ﬂ ; ‘
L ‘l Lo s b |
L J«‘L._,ﬁlj*' i _ [.__ﬁ,‘__:,._
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. 1
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exit 8/
Figure 77

The graphs of change in ratio €x

- N{./I (TN,
O rxlaxx{_/T“(T]T)}_.’

where [fI(T)}k; max {fI(T)} are the value of the function fI(T) at the k-th

observation interval and its maximum value during the time of the flight and /207
training in the TPC respectively, and the frequency of cardiac contractions
fc Xk (number of beats per minute) during the stages in the flight and

Ed

training in the TPC: 1 is preparation for the launch, 2 is .1 min before
launch, 3 is the active. flight sector, 4 is preparation for the space walk,
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5 is exit (on the rim of the hatch of the airlock AL), 6 is the space walk,
7 is return (AL hatch closed) are shown on Figure 78.
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On the basis of the exper-
imental results of modeling of
emotions by actors, and analysis of
the characteristics gk;fc,k’ we can

draw the following conclusions.
Under the TPC conditions, the tests
are performed against a background
of comparatively stable emotional
state with an increase in emotions
only at the moment the hatch of the
airlock is opened ('"exit'"),
indicated by the behavior of the
relative quantity S In contrast

to the TPC, the level of emotional
stress during flight is higher,
with sharp fluctuations at various
observation intervals. The maximum
values of €1 correspond to the

stages "1 min before exit" and
"exit" (ek =1;

max {fI(T)} ~ max {fI(T)} ~

~ 700 Hz), higher stress being
noted in the second case. The
decrease of €4 during the stages

"active sector'" and "preparation to
exit" in comparison with the

"]l min ready" stage might indicate
a decrease in the degree of
emotional stress, which, however,
still remains higher than in the
TPC.

As the launch approaches, the /208
pulse frequency increases contin-
ually. One minute before the
launch, the pulse exceeds the
corresponding value in the TPC by
20-30 beats per minute. This is

explained by the great emotional background ("prelaunch state') in the real
During the "active sector'" stage, the pulse frequency reaches

110 beats per minute, indicating the additional effect of acceleration against
the background of comparatively high emotional stress (see change in ek). At

the same time, in the TPC the pulse did not exceea the normal values. During
the stage of '"'preparation for exit'" the pulse frequency decreases in flight to /209

situation.
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85 beats per minute, while in the TPC it reaches 100 beats per minute. This
results from the considerable physical loading under conditions of terrestrial
gravitation. The work of Leonov in the TPC during the preparation to exit and
return through the airlock was estimated as difficult, with a working time
density of 30%. It is during these stages that we note a sharp increase in
the pulse frequency and the number of respiratory cycles per minute. In
flight, the physical effort in these stages was comparatively low due to the
compensation of the force of gravity. During the '"exit'" stage, and the
"space walk" stage in fl;ght, we see the greatest increase in pulse frequency
(130-150 beats per minute). In the TPC during these stages, the pulse
frequency was normal.

Analysis of the graph of fC X shows that both physical and emotional

2
stress cause an increase in the pulse frequency. As yet, it is not possible
to differentiate the reason and nature of stress from the data of vegetative
reactions (pulse, respiration, etc.). Combined investigation of the char-
acteristics €1 and fc X will allow us to approach the solution of this
3

problem. Comparison of the graphs on Figure 78 can lead us to the conclusion
that the work of A. A. Leonov in the TPC was characterized primarily by a
smooth emotional background, while the increase in the number of heart
contractions was caused by physical loading. In actual flight, the emotional
stress predominates, indicated by the behavior of fc k and x against the

b

background of comparatively low physical effort.
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Representing the result of integration within the limits m,M of the first
term of expression (A.2.7) as Bl(A, T) and keeping in mind (A.2.6), we produce
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Grouping the terms and performing certain contractions, we represent
(A.2.7) in the form

M
9 o

18, - 2 2 At 1 Al e
& T - . . - —_ ’ g .
s .\ i (1) € A {1;1 A ) [;:La_J M et ’ff] v

m

4 Al A AL 241 .
K [_ BE5 MOS8 e cos e L | @2\ — -AJ R,
e RYS s 3‘0 2
Al Al -z\ll
*‘--rmwrm—u—Siuﬂ .
20 24
' <t Jara (A.2.9)

Assuming further the value of the integral for the upper limit M equal to /216
d(M) + B(A, T), we write

A
2 ‘ Al A2 (v)
19. S , (P} d —.~——{B(\ 7Y+ (M) -} lim [./.”___)_ R
g AT im
0
At cos 2m 2A%8in2m | 2\'cos2m
ChOms T T At T T G T
— {2z At\sin 2m  Atcos2m .\ Si(2m)
©eB" 30 hm® T &ua VT 90 ]
2 3 ) At 2m: \"'(x) — g «\" sin 2m
= et 1y - [ o . seme
A1B A T) (M) 11’112}) i S1(2m) | o ‘
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Atm?3
(Atmt — A1 4 2A'm®) cos 2m -}~ ( 5 — 2A“)iz) sin 2m 4+ At }
+ i T
20, lim Si(2m)==0;
m—0
2mA? — oF A" sin 2m 27207 — 202A% cos 2m

e = fim g -
hm? 1}13}) 8m

21, lim

m-0
hoiA?sin 2m

= lim g = 0,

m-»0

Similarly, by successive application of the L'Hopital rule, we find

Atm? o )
(At — A1 -1 2A0m°) cos 2m - | =5 -~ 20%m | sin 2m - AY
2
22, lm ——— s e T g e e e i ==
PN A0
(AA%n? - 4Am) cos 2m — (2AImY — 2AU - 4ATm?) sin 2m L
3 ) .
-l (* Abu® — 2AV ) sin 2m 4= (A3 — 4A4n) cos 2m
zx limy o S e e S g =
m-»0
3 i 7 < N aln * :
5A%n cos 2m - [ 5~ Al — 4AY — 2AMm?) sin 2m
== lim R TH T =
m-s0 200m
5A1 cos 2 — WA sin 2m — Adim sin "m (%A‘-J‘A'——-@Yn )cos? ’m B
= lim ['_—- T hoem T T T A m -
m->0
lim = ViA'm sin 2m — dAVn? cos 2m
= lim ——— e s e 2 ()
)
Mmoo Foom
Consequently [see (A.2.9)],
AT
M 5
2 2 ¢ 2 4 o\
9 o\ AT 2 2 A eV
. r- R Iz.l,‘ T T - - L 4 ' L
A !§ Ula( ) A .\ rym (.!)(].4 \ 1<“)C 15 ‘L 3 / X
0
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L AT
oA 2sin® = AN eos AT AN Ein AT 2ATcos AT
K|SEAD) = a7 vy T Sy T T a@rp T T
. A%\ gin AT AY \‘1 . 41 __A:(_g?."
-+ ((I)E__\"__ Eﬁ> (\1 )_’_ CONRT cos AT - S 11 (AT) -— r)( Ty IV J . (A.z 10) /217
Since
T M
2 2 (2 ¢ \ AT
2. »y—,—S P (T = 1 \ PV del A=,
0 u
(A.2.5)]

assuming M -+ « and noting that Si(«) m/2, we produce [see

P 2 ( () X" A4
A . 2x ! {
25, == \ Y () dr- o Lol = e Az A
7 " Al c 2 "800 ]
0 ' (A.2.11)

If the inequality Aw? < w is fulfilled, then (A.2.11) can be represented
in the form Y

oA 20! (A.2.12)
26, - ,r""\ ( ryda - = B
AT \(Q Ia
k4 '(“J

On the basis of (A.2.4), (A.2.7) and (A.2.8), we have [see also

(4.3.83")]

A N M M
) 9 2 , ) -
217. S otis (T AT 2~y S n (O = T S J7, (OF - o 2t (DO o
a m m
Ar AAd Aa
T i Tyt M, 5= m;

where
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M
S ,3 Mo (l (I: _—_-_—A—— 4

m

2 A2 t ™ cose M
T o252
M 4 247
I

—A
A sinw ‘cosv  Si(r) '3-”} A4 ]
—'TT”4[ o T T T2 JWH TG [03 A

!
cosy | xinz | cosy  Si (7")]; }+m [Cy (A, 1)]}}

"_[’[_ 355V TGer 7 T Gy

M
sin*p

29, C1 (A, T) == S—-—le_;—- do.

m

Performing contractions and grouping terms, we produce

A
2 o
A5 Sr? RPN K {,L]"’ LA [ 1 J I A® cosz
Yaolo VT - Y 2 U A e s
9 100 A l 8 . RY2 J4 a3 i 3 2 f
2A?sin » Alcos v A?Si () air
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2 ¢, 2 . Fan2 A2 A (\'—‘ ' \ m?) cos 2m—-2A%sin 2m
31.—“\7' de == =5 - lim ————" e Tl S
A oo (¢ %) A oo Am?
0
9
RENZINIAY
A (2_1 L/ )’
JmA\T ﬁ“»— (A~ /\ m* )u)s Q,n —- )_\ msin 2m
32, lim SR Vst R
-0
Am AT -1 2(A% LAPmE) #in 2m — 2\¥m cos 2m — 2\2sin 2m — AN cos 911‘2 .
== T T T T T e T T -
m-.0
| —¢cos2my GA2 RACEN
== lim “—‘ -- J e - sy - sin 2mp == 00
M0 2m 36 772
Consequently,
24
€) B Y 7‘\2 1 , o (,)(' l
a9 = ORI J— b ——— - ——— —
A \ r!lml’n( )([l - \ [ T A A A2 -+ 12/ A AYO)
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In the case of w? > A2, equation (A.2.13) is represented in the form
c %

%]

9 M
9%

3. 3

0

Let us now calculate the second integral in the expression (A.2.5):

2 I
P, () doe == Ao

T2
V¢

y

A M M M \
* A1 gin? Al sinte c AL sin 2
ar a9 Al sintx Al sin*v A?sin 2w
30. Su e () 2 S T de— N\ 7T T de — A de —
m m m m
M M M
» A (/"")Z — A% sin 2z AL costa >/ “’é AN
— DR huiapudiyy JFSNS B W e (A L 2 L —— Jsin® rde 4-
S S 5 —de | S ; adr ! SK p b 6 /) 50 rdv -
m h m
ar
s A2 (sinfe b 2 coste) AT
AL 5 Ty T dr, AM: 5
"
AT AT
5 i
v w} Al ¢/ ool At
36, YU E sintwedr - - - -1 o (t — cos 2y de ==
0 it
| \ AT AT
! Pl —vcoag ALy de I r A
P _ P A 1 R S T U T I
B (1)( " \ 5 » de ~- [(ob - lb] B z‘ 5 I(I)”‘-'--“-"J\
b 0 )
AT
Pops b} -
X e e ! ) | L(A\T) - el Al K (\T [.2.18)
, - 2 i {1 (AT 9T W g [ A (\7), (IE2.
i
where
AT AT
. b o cos ¢
LA - \ LK) S-;—(m
:‘ (]
AT AT
L A2 N \?
A S\ Nl e 2y
37. 3 *‘:)—_(‘“ (sin? o 2= 2eostrydr < \ ~y - ( .)“—\—l) dr . =
ol L <
0 ('1
AT L .
1y _\~(1C2 2 cos e ) 3.\"(-):? ) ,\»-(-)g
==y x T ( Ty T /l de Ti—s i L(\TY - D KN (\T).
0

(A.2.14)

.2.15)

(A.2.17)
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Let us integrate the remaining terms of the sum (A.2.15):

M M M M
Y * Af sinte P AL sine ' Al sin 2»
38. Q(L){I'—_ST_JT(U_BTT{{."-—STT(IJ:—
m m m m
Mo, e M
A% (hop — A) gin 2y P AL costa . A1 14"
— - s e - \ e oy e i | -+
S e\ T e o [ 4
m m
2cosy _ 2sine  cosr | osine K (:')Ji"ll AL o™
[ v 3¢9 0 A R | 44 [ 2 JM*‘
oS sinv It AN Bsin e dcose
- | — +~ AN (z — e = = e -
L [ vt ¢ A )LmJ L4 [ Srd de2

2sin v 2

T

AL g™ cose s ¥ M
+ T{ 4 [ 2 JA‘] i [— - e I3 — h (2’)-]2”‘(} *

4sinw 4K 1')JQ“1L
3¢ 3 _’mJ

Grouping terms and performing contractions, we produce

M
" ¥ At g 19" Meose | Nsin e Atcose . o8inw
39. SQ (:) do — Eo [TL"‘A ‘,-E- [‘—il—T'— - ’—;,';:; - —/“'_T B R O >
m o
oM
— AolK (z')] ;
2m
AT
5 0 3 i A
¢ Atcos AT Msin AT Meos AT Aog sin Al
O LN T T4V e LV i Vi
0
At e 25y 1o | Al At cos 2m Afsin 2m
— FET) MR D) Jim Iy T T T
Al cos 2m Vs
-~ T , — Ao,

The 1limit is calculated by using the L'Hopital rule

A1. lim

[ \4 N0 2m Afsin 2m | Aleos 2171]
m-»0

Bt T Bumd l6m® 7 {tm®



i A e A eos 2m — 20 sin 2im - 2 Mm% cos 2m
= lim = R N
s 32m
li 2NN m-~2A 03 m—-A A meos2m - A Vo3 2m — AN msin 2m At
= lim - - T b3 T s s = e )
D 128m 6

AT
Meos AT Alsind7 MeosaT  fofsindr

T2
42, S Qr)de= -3 (A7) + 5 BT — Z(ATR -
0

M, 1) A A.2.18
— isz‘—/_\-(oé 15— K (A7) A2, ( )

Adding (A.2.16), (A.2.17) and (A.2.18), we find the resulting expression
for (A.2.15) (M = AT/2; m = 0):

s
2
N ) Veos AT MSin AT Ateos AT A0} sin AT
43 ary () de = e ey m — T gy e e ——
!) i __(A/) ‘_’,(AY)‘ 4 (_\1)‘ AT
1
At L \! - Al A2
= gy — kgt [ (0l ) 4 ] ear - cian 4 al,
(A.2.19)
A
where [see (A LA\ =" de = €y 1n AT — Ci (aD).
1}

On the basis of (A.2.10) and (A.2.19), integral (A.2.5) can be repre-
sented in the form

, AT
4o (0= NE P
i ) (T —1)r, ()dv == T1UA 3 i () u’.rJ —
0
2T
2 4 k A \t 242
—_— = e a2 P L [ w2\
77 | AF (S Yo ('r)'l'}“ AT 1("’6 oy b LZ )
2 5in? —5— 4 ) .
X | SI(AT) — - o [ AMES AT AN AT 280 oos AT
AT T ST T T Sy T s @y

SUAT Mes AT A 8i (A7) A L‘\’mf}

At
2 A2 - S — LT
‘ (““A 27 (L) W07 T T o (\Ty T AT
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a9 a .
A~ wp i AT At

_ 8 {L\‘z_c,(’_‘“ AT ] Alsin AT At s AT
AT U 2(Ay 0 20 TUAAnS T TTTAr T T A T

AZe2 t 1y . _34) ' 3.&2(:)3 |
A T ?V%v7m~f*T'LmAT*CW”W’QW~ (A.2.20) /221

[

With narrow band processes w, > A, expression (A.2.20) is somewhat
simplified. Noting that

2 o e 7
4 1 AY 07N 2 sin? -
ar o e ) om0

4 At >\ 4 2A%
4 ., A N @Ay . A ;. Al (O
AT <(l)c 1 [T )bl (A7) — (—\7’)—: <("é T - “:)—_) -

4 Al 02A°
R ol TN
. (\,/)_ (‘/C T ‘{’ 0 >(‘”> A‘/‘,

we group coefficients with cos AT, sin AT, Si(AT):

[ o4n 4 oy g AL g
45, cosap AN A 2Nt 4 A g
0. s AT )T NE TR (N AT T iy A T
At 8, At 8 . 4 LA ol
—E@TE T IOA T U g e T ) =
2

B4AI—32A8 (AT)"—AA (ATY—80AT L AOAT (AT 80 (ml ﬁ. g
- .. ) ) ) PR

=TT iy T e =
o A2 (u?j 9 A2
— AT 2AT (AT — (A7) Al < S —ZUI;\— — 10\
I vF M e
5(AT) TS
2AT(AT) == AT 20 (AT ol
T e (A.2.21)
a .90 A
. { N T
46, sin AT AV N TR AT T
Al 8 Al? 8
~TRT ATY T AT (ATE T
32A4% -4 40 (A7) 02\ —- 2 (AT)? AT — A0 - 807%07 (AT)?
e LT - (A.2.22)
_ A? , Az s o[ AT AR
— Aty [4 -y AT)R(20 - —;)] AN 07 |5 -5 (A7)
L S N N Ve /] e e We o 4
= S(ATY ) T (AP
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(')§A2> A5 AL 4
e Py U U U |
AVARP TR AT‘%}-

The free term

4l 4 Ao 1, * B e 8
AB. =5 XTF " A S AT O (A T AT @ T
A18 4 LA Xﬂn‘é)
g TE Iy et T )=

Lol A2 '1’()1r'\'l Al e Ll)]
BAL - At (A [' PO TR e T2 AAY — 20 (AT) oo

we =

=" ’ ' EUIAYAL

and the last term of sum (A.2.20)
R AR
l"'r '“;'") : o /l__-'j [ln R A (z.\T) '$~ CU] =
¢

40 8 K
4%, ( :\/.).:— 9O
[

i "('\]'55" |

~,J(|)

I AT = CL(ATY -5 ).

T (\rp T

(A.2.23)

/222

(A.2.24)

(A.2.25)

Summing (A.2.21)-(A.2.25), we write the integral (A.2.25) for narrow band

processes in the form

I

0o . DANOE AN 20 (A ]
AL 5 (r--7)r,, ()de TGy == oo AL
0
PECTCE T
AN oy l'mji- SO (A ’1(02.
- 7y - Sin AT - R S(\T) —
i} o ANV = 20 (AT 0l
RV LIS R ORI

T

(A.2.26)

Where AT > 1, expression (A.2.26) leads to (A.2.12) (see Yanke, Emde, 1949):
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aT
(1 —cosv Y . sin (A7) e B! cos AT
\ ——v——dbxlnA.IL,(,u—_A—T—; bl(;\?)::f—z——T

0

Ignoring all terms in (A.2.26) (AT > 1), except for the integral sine, we find

. 4w} dojt 2wlx
AL SO = i =

‘1
L
~

Appendix 3

An estimate of the relative errors in calculation of the mathematical /223

expectation é[nT(O)] and dispersion 6(0%) in expansion of function nT(O) into

a Taylor series with retention of the first three terms (accuracy of linear-

ization method). On the basis of (4.3.98), (4.3.100), (4.3.101), (4.3.104),

(4.3.105), we have

2 "'J < )/( rm “
2. 6[!1 ((I)J —_— P _)]. . ;
S 1N D )] A.3.1
Syt ¢ .3,
g () i 3 2_; _,__l (‘” :’71( . U ( )
[ B
(A.3.2)
3. 6(37)
1w {‘ @ L (] 8 () ,
4 1211 ZJl ’2-}! = e, ”“J fj(/-_ {_711 ” (]}".-]j” K ]) Byl

a [/1 (U)] d[ (())]
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2 . (BB ]
Su 23 25 J w(uu T (BB - Bl = B05)

1171h 111 kO

y :??!11!'((01 (? n (g] NCNAL )" E) 1 V2
< (iu_;(?u_; - Tduawy, 7 e T ( :

A . 1
.2 { / -

B (‘_u] ‘)z { " (u, ) { 1ty )11 i f g \ 2
Axe A\ 2ot N (_u_ ’
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where

Let us calculate the component sums of (A.3.3).
coefficients with Bu

noting that

I-'/i;—
|
i

02[”']‘(”)] 1y 1, “;2 { 1y 2
B ITE R et ) ('{[ ) T Amut \ ) o
1 1
i (u; ')2 [ °; <u, )hl “? g \7? 3 u3 VT
“\uw M\ T A (T) J: 4mu® (7) :
-3 1
o, Tl (my L ()®
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i
2
1 0% [n.p (O O T () 2
7. LSy Syl O Sl O Bl O]
“ i1 a aui"mj ! 20 Guyduy Aurdu, o

. O [ (O] 9% [np ()] 1 9% [ny ()]
T Juaduy N Db, PR = oy Bt
o 78'2 [y (0] ' 9 [ng ()] 1
e (fli('}ll;* w7 -C')Ill"‘;———— “I“’J 3
1
HpTE e sty Buv 2u R’Jl“l » 3;111
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the mathematical expectations of variables

i7j

1
M 1) n.2 . Y a1
o Tl O, s )2 T A SR AN 17
\ O SRS R Ve TRV e AL
Sy y y
Vl‘
9 SO, ‘?1_)2 2
dut 2 PR I Cuy T
“L by i
Sw?\? Ain? /\m,‘(
2astol (U0 =5 ) ey e
v 1207 3w 'lbt)o)c

[ Aw? \*
Attt -2 Aw 7
Yule T u

(A.3.3)
into the
u, u; and
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Ignoring the terms Awi/lSO wg for narrow band processes and

assuming

we rewrite the last equation in the form

3, (D
10, -—-~.[ 1.( &

p g (1) 1t 2 .\(v)?l
N I Y e iy s a7l S EEIE TS U [
dui =0, 0\ i, :

i (1)
c Dy
where

ey A,

. 2
AYCM

Ay W
Gog - ‘\o);‘l
L
92 (g ()] ()
Touwe Bllux T RAmun _.“__) ey
X ( AYOM )
np{Z2asi bl — e I
TR
- X Aol CTOIAGT
dsteiits R A
_ll)g :
o &){ 4 o -
=7 rep e T e n e e e e
e 2 SAw, 1 SN 7 T "1““/1]
gy |- 2 o gy~ w0
2 () '--l—}[' W f; A S LT
T cootr 2 o T L\(ouT— ‘jtﬁ,);]“ (r-:- 21)]
A ) ) Y !
W
I l,‘\_(f)u_j_ N D L i ! q
R S Bl R i R B R L
-~ 47 v T o M e o
A(OT/Y g :[l 2Aw> (Cog - Aoy) — =
Ty
N - a

The possible combinations of indices in the quadruple sum (A.3.2) can be
easily determined from the table of Figure 79, where the verticals and
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horizontals carry the combinations of indices of the double sum [see (A.3.3)].
On the basis of the relationship

9 [np (0]

Jusdu,

& [np (0)]

T Qugdu,

and analysis of the table, we see that in our case the terms with numbers

(2, 3, 5, 9)-(4, 13)-(6, 7, 10, 11)-(8.12, 14, 15) are equal.
is performed by rows, left to right.
ple sum in (A.3.2) as B(u, Uy

terms with numbers 1 and 16:
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The calculation
Consequently, representing the quadru-
), we produce six groups of terms, including
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12 3 4  N-3 N-2 N-1_ N
o -1 -2 1 -3 -(N~4J-(N—3)—(N-?‘]—(N—l)
211 0 -2 =(N-5)|-(N-4 §~(N-3)}-(N-2)
3l 2 1 0 -1 —(N=-6)-(N-5)|{N-4){-(N-3)
4| 3 9 1 0 ~(N-7)-(N~(>)i<( V- S)-(N-4
| | ' I | i | | !
N-3] N-4 | N-5 | N6 | N-7 0 -1} -2 -3
N-2| N-3 | N-4 | N-5 | N-6 1 0 1] -2
o} - . . ’
N-1]{ N-2 | N-3 | N-4 [ N-5 2 1 0 -1
N | N1 ! N-2]N-3|N-4 3 2 1 0
| SURUUSRUEN S d PURE p— - - - J
A)
Figure 79

Let us calculate the elements of sum (A.3.5). We introduce the symbol
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The partial derivatives of function nT(O) were calculated earlier. Sub- /227

stituting the mathematical expectations of variables u, u; into the final

248




results, we produce

[see (A.3.5)]
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Consequently,
1 9(-)§E 3(02

1
20, % B (1q1e1) =7

[EON

+ (A(l)

Z/(J)

e . L
_(A(J)UT“ )(Aco 1‘):(3/3 + T>’

7)? (3]' + [J) t (A:,)m;)z_( ~§;—) L

3w I I
’"4(40) Ty ‘+4(Am1) ( 'f‘2zr%<7;7)’:-:

From equation (4.3.108), we find

A(l)?’l A(n);‘,
R s
3w’ 180!

21 G Emi T e e e e -

"m)2 27, 72 \
6 (Aw,T): ( """

A

" Aoty TERRe T
27A®, T {11 — 2

from which follows
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, 1 0 3T L
22, 7 B (uuy) = 3, &-\T’)ﬁ (2 + I—_;) ;

3z ( [,)
24 g

1 9 9T
n B (nus) On 8Aw,T
B8 = m = e T
St g B | |Gy (2 5)

| fer k)
a2+ 53

| S

e I
8Aw, 7 -+ 3 (2 - E) l

Assuming for the narrow band processes

s
L~ Am“ . - Awy,
Ly Bt e -

3o (0%

we can rewrite the expression for determination of the relative error in
calculation of the dispersion nT(O) in the form

94 =2 T T -
N S T =1 ho BT
G A S S
L gER 0
e o s o
) Aw? T {880, T (60} - Anl)
sam T {14~ T R
" Gy 3 (120, - 4A007)
o /\m;"/ Ao)}zl
3\2-¢ iy Ty
3wy S
-’c - —
A(n”
280, 76 - —5
’ (I)E
Come d. a

If we consider further

/229

(A.3.6)
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equation (A.3.6) can be represented as follows:

2. 8(s)) = 4\“__*[_ (A.3.7)
7 Aol - l'
Appendix 4
Calculation of the sum of terms for.various combinations of indices in /230
the expression
T
'1 T N N
1. By ()= 5 S \;‘ > 2 Z At A A cos (amgt — §g) %
0__T0a:1 <L e=rl d==1
5 03 (bt — §3) 60s [(2 — 1) aye — @, €05 [( — T) oy = B 1 de.  (ILA.1) (A.4.1)

Let us analyze the products of the cosines of the general term H of the
integrand quadruple sum [see (A.4.1)]

2. I == cos (awyt — §,) cos (bwgt — @) cos [(£ — 1) w0ge — @] X

w 1
Keos[(t~T)oyd —q,]== 7 {eos [(a — D) oyt — (9, — @})] X
K eosf(ec —d) oyt — (c — d) 0T — (P, — D) -
eoslla =B @yt — (0, = @)l cos [0 4+ ) 0,0 ¢ -+ ) 0yt = (@ -+ w0)] +
,' cos [(@ 4 b} 0wyl = (@, -1 1,}] cos [(c — d) Opt — (¢ — d) 0T~ (@, — §,)] -I-
=i+ €0 (7 - b) gt == (Fy - F,)] €03 [(~ - d) Wyl = (2 - d) 0T — (¢, -+ F )]}

The sum of products of cosines produced consists of four components. We
can represent them in order Hl’ 29 H and H4 and, determining the product of

the cosines from known trigonometric formulas, represent it in the form

1 . 1
3. 1fy= g goos [(a - - b —c -4 &) 0l — (B~ B — Pl Pg) - (e d) ool
@) — (¢ —dy oytl};

[t24

A.4,2a
-}~ €03 [(a o ¢ (Z) (v)ol — ((Pa -, -i- @, — ( )
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1
Ao [la g leus{(a —b—c—d)oat — (P, — P, — P, B ) -} (¢ 4 d) wor] +

-l cos. (@ = b-1- ¢ - d) wel -- (t{)a — ¢, -t P, -+ Lpd) — (¢ -} d) wyt]}; (A’ 4.2b)
1
8. Mgz {eos [(a b —c - d) ol — (@, b Dy~ B, -i-9) -k (¢ — d) ot - .
Feosfa--b e —d) ogt — (@, - P, -k P, — @) - (e~ d) o]k (A.4.2c)
1
6. 4L, = 5 {cos [{n 4-b —~ ¢ —d) 0t — (g -9, — P, ~ P,) + (e 4-d) o]+
cosf(a--b l-c--d)oet — (%, 3Py 1 P, - (pd) — (¢ -} d) wyrl}. (A- 4. 2d)
Let us turn to expression (A.4.1). The integral of the form
To
7, 71“ S cos (nowt == 1) cos [moo (¢ — ) — @1 dt (A.4.3)
To
R
differs from zero only in the case |m| =|n|, where n and m are integers,

positive or negative. Consequently, considering the inequalities

e e Y
[ I 1 <dsg Y

we will be interested in the following combinations of indices a, b, c, d in
terms Hl’ HZ’ H3, H4:

17, 17
1y u--b  ec--d o 'l)ahb:c-{—rl
2) == ly - (e—d) 2y —(a— by . -c--d
3 — (v by -¢--d
/|) b — ((' —*(])
][3 []1
adi ce—a Ty @ p e

2) - 3,_:_(0__([) (A4.4)

As a result of averaging Hl’ HZ’ HS’ H4 over period TO [see (A.4.3)], various

combinations of indices produce various components K, L, M, P, R, S, V.

Term Hl:

a) combination of indices
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— (@b = —fe—d); (@ b) = c—d

. 1
8. 2= eos|(e = d) ot —(F, — @, G, + ¢,

b) combination of indices

1
Vo= eos [(0 — d) enT A (§, — @ - @, — @ )]

Term H2:

a) combination of indices (a - b) = (c + d)

i .
10, M =g cos [(c d) @t — (§ — ¢ — T, — )b

b) combination of indices: -(a - b) = (c + d)

! .
19, P ee g cot[(o 1 d) 0T (g — B B 9]

Term HS:

a) combination of indices (a + b) = (c - d)

1
12, It =% T co [{e = d) T = {G | G — P -k @ )E
b) combination of indices (a + b) = -(c - d);
1

13, § = T(;_ caos [(C — (]) 0T - (qla - q‘-b - qjc — q\d)}‘

Term H4:

combination of indices: (a + b) = (¢ + d)

4 \
14, Voe= g co (b d) ot = (T @y — T — 9,0l

Let us now find the total number Y of terms of type K and L.

(A.4.5a)

(A.4.5b)

(A.4.5¢)

(A.4.5.4d)

Figure 80 A

shows the quadratic matrix udab"’ the elements of which are the possible

varieties of indices a and b:
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15. Sab =a - b.

It is not difficult to see that elements of this matrix are located symmetric-
ally in relation to the main diagonal (aab = 0; a = b), equal in magnitude and

opposite in sign:

16, 6(1.!; = 6ba;
17 08, <N —~ 1. (A.4.6)

Any two diagonals, symmetrical to the main diagonal, consist of terms
identical in absolute value, and are characterized by the equation

18. |8, 1 ==}« --b] == const,

while the total number of elements wab in each is determined by the relation-
ship

.1V, = (Y~ [, 1)

Analyzing the quadruple sum [see (A.4.1)] for a certain fixed value of the
difference of indices

RN «(}ﬂ‘ 8.:.[ coenst,

we note that it is necessary to make a selection of each element of the
diagonal row of the matrix "dab" (or "écd") with all elements of the corre-

sponding diagonal of the matrix "6cd" (or "Gab"); consequently, in this case

the number Y, of terms of type k in expression (A.4.1) is equal to

k
200 V2 (V= 8,1 18,1 = const.
Determining the sign of the modulus and considering the equation Gab = _sba’
we produce
22T TN S § >0, (A.4.7)
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In the case Gab = acd =0and a-b=c¢c~-d=0, the resulting number of terms

Yab is determined by the formula

23, YV, == % §,=0, (A.4.8)

where for the situation 6ab = ch =0and a=b =c =d, the following equa-

tion is correct:

R R R

ab ”

(A.4.9)

It is obvious that the sum YL of components of type L resulting from combin-
ations ch = _Sab and Gab = —ch with a certain fixed value of the difference
of indices i will be equal to

25, Y ¥ s 2 (V=80 8§, >0 (A.4.10)
on the strength of symmetry of matrices Héab"; "ch" relative to the main

diagonals.

Considering the above, we write with the j-th value of the difference of
indices 6ab the formula for the number of terms Yj of expression (A.4.1),

which are determined by four groups of combinations of indices (A.4.4), in the
form

2. V=V AV Y 758, 0. (A.4.11)

ah ¥

Substituting formulas (A.4.7), (A.4.8), (A.4.10) into (A.4.11), and keeping in /233
mind (A.4.6), we produce for possible selections of values 6ab an equation

determining the total sum Y of components of type K and L:
J\'—:—1
Y N S (i
=1

Performing addition and using the relationships below (Bronshteyn, Semen-
dyayev, 1945)
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28,

we finally write

it N1 . N N (A.4.12)
: )N Yy (N = DN —2)N
S = (:_\__2_%.; Sy = K AERAT,
J==1 j=1
20, vy =N g2 ¥ (“"Y:‘“%)———(QN —1) (A.4.13)

B ——-—-b —— e e
1 2 3 4 N-3 N-2 N-1 N
L D A
1| 2 3 4 5 l N-2 [N-1| N | N+1
? 4 4 5 6 N-1 N [ N+1 | N+2
3 4 5 6 7 N N+! | N+2 | N+2
4 ] 6 7 8 N+l [ N+#2 | N+3 | N+
S RV DU [N R - |
| I ' I i | | i | 1
| | | ! | | | i |
—— —f - - -+~ -
N-3! N-2 | N-1 N N+1 2N-6 | 2N-5 {2N=-4 [2N--3
N-2} N-1 N NaTl | N+2 IN-5 | PN-4| 2N-3 12N-2
B e B T T e SRS S SRS Sant
MN-1 N N+l | N+2 | N4 3 2N-4 [ AN-3]2N-2 | 2N~}
N N+l [ N+2 | N+32 [ N+¢ AN-J{2N=2 1 2N~ 2N
.o — [ E R P N
B)
Figure 80

Similar discussions can be presented for calculation of the total number

x of terms of type V [see (A.4.5)].

Figure 80,B shows a quadratic matrix

"Yab“’ the elements of which are the possible sums of indices a and b:

where

30. Tab:(l-+b,
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A1l diagonals of the matrix parallel to diagonals defined by the equation

2 Ty =a+b=N|1, (A.4.14)

contain equal elements Yaop = const, while the total number of terms W'ab in

each of these is equal to
33, W= (V— N +1—15) (A.4.15)

It follows from the last expression that the sum xab of components of type V
[see (A.4.1), (A.4.5)] for a certain value of combinations of indices

Yap = const (& + b = ¢ + d) can be determined usng the formula

34. 'X'ab = (A\"_*IAV .Jl_ 1_Arabj)2' (A.4. 16)

Determining in (A.4.16) the sign of the modulus

B Xy= @V =1, 417 N1 <y, <2V
3. Xy o= (T — 1% 2Ty SV -1

and considering
37. X == Tgp = IV -1,

we produce, keeping in mind the symmetry of the number of diagonals and the
number of elements in them relative to diagonal Yab = N + 1, an equation for

the total number X of terms of type V, corresponding to possible combinations
of the indices a + b = ¢ + d in the expression (A.4.1) [see (A.4.12)]

N
38, X 42 DY (7 tyrem N2 DV = 12 @Ey=1 (A.4.17)

We note that in the case a + b= c +d and a =b = ¢ = d, the resulting number
of terms X' for various combinations of indices is equal to N:
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39. X' = . (A-4.18)

The sum Z of components of type M and P [see (A.4.5b)] with combinations of
indices

40. a—b=c-4dj—(a— b)) =cH-d (A.4.19)

is determined on the basis of combined analysis of matrices "Gab" and "chﬂ
where

4, 8y =a—b Yy=ctd

6. 0|8 S N—1 2K 1,2V,
#OSPal= : (A.4.20)

From the latter inequalities, when condition (A.4.19) is fulfilled, it follows
that

N A L e

of terms of type M and the sum Zj of

The sum Zab’ consisting of the sum Z p

M
terms of type P,

G Ly Dy =Dy o2y o= 22,

corresponding to a certain fixed combination of indices /235

45, 7,516 (A.4.21)

ap | == coust,

on the strength of symmetry of matrices uéab" considering the sign of the

modulus in (A.4.21), is determined by the equation

66, Zoy 2 (8 = AN —8,,), 8, > 0. (A.4.22)

ub -

The total number Z of components of type M and P in expression (A.4.1),
corresponding to possible values of the combinations of indices
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A7, ) a-— b==¢ _}_ (]’ ,_,(a —_— b) = ¢ 'i" (?,

can be found from the relationship

N—1
48, Z ==2 2 (].q 1) (_,\7 — 1),

j=2
which, considering (A.4.12), gives us

49, 7 — _/\:_()__:1) (V- 2) (A. 4. 23)

]
)

The sum of terms of type R and S with various combinations of indices
[see (A.4.5c)] is determined similarly.

Translated for the National Aeronautics and Space Administration under contract
No. NASw-1695 by Techtran Corporation, P. 0. Box 729, Glen Burnie, Maryland,
21061,
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